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ABSTRACT

PART I

Studies of vibrational relaxation in excited electronic states of
simple diatomic molecules trapped in solid rare-gas matrices at low
temperatures are repoi‘ted. The relaxation is investigated by
monitoring the emission intensity from vibrational levels of the
excited electronic state to vibrational levels of the ground electronic

-state. The emission was in all cases excited by bombardment of the
doped rare-gas solid with X-rays.

The diatomics studied and the band systems seen are: N,,
Vegard-Kaplan and Second Positive systems; O,, Herzberg system;
OH and OD, A e ini system. The latter has been investigated
only in solid Ne, where both emission and absorption spectra were
recorded; observed fine structure has been partly interpreted in

terms of slightly perturbed rotational motion in the solid. For N,,
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OH, and OD emission occurred from v’'> 0, establishing a vibrational
relaxation time in the excited electronic state of the order, of longer
than, the electronic radiative lifetime. The relative emission intensity
and decay times for different v/ progressions in the Vegard-Kaplan
system are found to depend on the rare-gas host and the N, concen-

tration, but are independent of temperature in the range 1,7°K to 30°K.

PART II .

Static crystal field effects on the absorption, fluorescence, and
phosphorescence spectra of isotopically mixed benzene crystals Weré
investigated. Evidence is presented which demonstrate that in the
crystal the ground, lowest excited singlet, and lowest triplet states of
the guest deviate from hexagonal symmetry. The deviation appears
largest in the lowest triplet state and may be due to an intrinsic
instability of the :;B]Lu state. High resolution absorption and phospho- ‘
rescence spectra are reported and analyzed in terms of site-splitting
of degenerate vibrations and orientational effects. The guest phospho—-
rescence lifetime for various benzene isotopes in C;D; and sym-

C.H,D, hosts is presented and discussed.
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EXPERIMENTAL

In Part II of this thesis, studies of the electronic emission
and absorption spectrum of diatomic guests in rare-gas solids is re=-
ported. The general technique of preparing such solids, which may
contain chemically unstable diatomic radicals, is commonly termed
matrix isolation. Since the experimental method is well known, 1,2
only the specifics of this work will be discussed. All gases were
obtained from commercial sources (Matheson or Linde) and used
without further purification.

The diatomic molecule, or its precursor, plus rare-gas mixtures
were prepared in one of two different ways. In the first method, the
mixture is prepared in a Pyrex glass vacuum line and stored in a glass
flask fitted with a stopcock. The mixing manifold‘ is shown schematically
- in Fig. la. Throughout Fig. 1, "X" denotes either a stopcock or a
metal valve and ""P'" denotes a pressure gauge, which is either an
ionization, thermocouple, or mechanical type. The volume of.bulb A was
determined by weighing A empty and then filled with water at a known
density. The volumes of the other parts of the system were easily
determined, assuming the perfect gas law and the volume of A, from
the pressure changes occurring when a given amount of gas in A
expanded throughout the system. A given mixture could be prepared
by filling A and B with the diatomic and rare-gas respectively to the
appropriate pressures. The gases were transferred to the storage
flask C by immersing the side arm in liquid helium. The liquid helium

was contained in a small, portable double dewar, 0 consisting of a
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Fig. 1. Schematic of manifolds used to prepare rare-gas plus »

diatomic mixtures.
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commercial 1/2 gal bulb-type dewar inside a one gal straight-side
dewar. The pressures in A and B were chosen to give less than dne
atmosphere in C. The actual volumes used were: A =55, 82 cms,

B =1109 cm3, and C = 1036 cm3. The flask C is then attached to an
auxillary vacuum line by which the mixture can be admitted to the
‘vacuum chamber of a liquid helium cooled cryostat. The gases were
allowed to mix overnightr in the storage flask before depositing.

This auxillary deposit system is shown in Fig. 1b. The flask C
' is separated from the vacuum chamber surrounding the cold-finger
‘by a variable leak, (Nupro, Series M), labelled L, in Fig. 1b. This
leak is continuously adjusted during the deposition to maintain a
constant pressure of roughly 3 mm Hg between L, and the fixed leak
L,, which leads to the dewar vacuum chamber. These conditions
correspond to a deposition rate of ~ 5 umole/sec, which is continued
for roughly one hour. During this time the pressure remaining in C
is monitored by a gauge.

Alternately, the mixture is prepared and deposited using the
continuous flow system shown in Fig. lc. The solvent flow rate is
determined by a Pyrex capillary leak L,. The S_‘olute flow rate, and
therefore its concentration, is controlled by means of a variable leak
L, (Granville-Phillips Series 203). The respective flow rates were
checked using an electric clock and pressure gauges before each ex-
periment. However, this was found to be an unnecessary precaution.
The rate through L, changed only very slightly with time, apparently
due to foreign material becoming trapped in the capillary from the

high pressure gas cylinders and the variable leak could be reproducibly
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set to any desired flow rate once it was calibrated. The gases mix in
the glass manifold and them impinge on the liquid helium cooled cold-
finger through a fixed leak L,. During deposition a steady state con-
dition exists and the pressure in the manifold equilibrates at roughly 5 mm Hg
for a manifold volume of 500 cms. The mixture enters the dewar vacuum
chamber at approximately the same rate as the rare-gas enters the
manifold, which was *~ 3 pmole/sec for most of the experiments.
Deposit times were of the order of one hour., Both methods worked
equally well. The only modification suggested is replacement of the
fixed leak L, with a variable leak,so that the depositim rate could be
varied in the continuous flow technique.

The additional access to the vacuum manifold shown in Fig. 1lc
is mainly for solutes or precursors which are liquids at room temp-
erature. These are degassed and vacuum distilled into the cold trap,
where they are maintained at the appropriate reduced temperature.

The cold finger on which the gas mixture is deposited is
either an optical window or a copper plate. The latter was used at
T =4. 2°K when only emission spectra were required. Front surface
irradiation was of course necessary. The optical window for T =4, 2°K
was sapphire indirect contact with liquid helium, The dewar and cold
finger design has been described by R. P. Frosch. % Typical pressures
in the cryostat are as follows., Without addition of liquid N, fo the
outer jacket, the dewar pressure after overnight pumping with a diffusion
pump is ~ 6 X 10" mm Hg. The pressure quickly drops to <1 X 10°
mm Hg when liquid N, is added. A small amount of liquid N, is also added to

the inner helium dewar to remove air vapor. This N, must be removed
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before liquid helium is transferred. After liquid helium has been
transferred, the pumping port to the cryostat is closed and the
pressure in the dewar remains <1 X 10"° mm Hg. For deposition of
all mixtures except those which have large amounts of Ne or H,, the
pumping port to the cryostat remains closed during the actual depositing.
The préssure equilibratesat < 1 X 10~ mm Heg by the efficient
cryopumping of the liquid helium. While depositing Ne or H,, the
dewar pumping port is left open. The internal pressure equilibrates

at about the same value, but if the dewar is isolated the helium boil-off
rate becomes excessive. Moreover, to deposit these two gases good
thermal contact is required and sapphire is recommended if an optical

window is required.

For the temperature studies, a previously described5 dewar,
which has been slightly modified to be completely interchangeable with
the system used for T =4,2°K , is employed. The cold finger in
this case is a quartz window, mounted in a copper holder. A carbon
resistance thermometer served as the temperature sensor. The
actual temperature measured was that of the copper frame and not that of
the optical window. One would, therefore, expect the sample temp-
erature to be somewhat greater than trhe temperatures reported.

In all cases reported in Part II the diatomic emission spectrum
was excited by irradiation with 50 kV X-rays from a tungsten target at
a tube current load of 45 ma. The experimental apparatus was de-
signed by Frosch, who has adequately described it. The optical
set-up for spectral observations is shown in Fig. 2. Light sources

used for the absorption experiments include General Electric tungsten
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filament (A = 4000-12000A) and PEK high pressure xenon (A = 2500~
4000A). |

The spectra were recorded either photographically or photo-
electrically, A Jarrell-Ash 0.75 m spectrograph with a 7500 grooves/in
grating, blazed for 1u in a Czerny-Turner optical mount was used for
nearly all expefiments. This instrument has an entrance aperture of £/6. 3
and with the grating employed gave a first order plate factor of about
40 A/mm. Spectra was taken in the first four orders using Kodak
103a-0O, 103-F, I-N, and hypersensitized I-M and I-Z plates in the
appropriate spectral regions. Slit widths vai'ied, but in all cases the
natural line widths reported were determined with much narrower
slit widths. Some preliminary spectra were taken with a Bausch and
" Lomb medium quartz prism spectrograph and a McPherson Model 235
‘0.5 m scanning monochrometer. However, all line measurements
reported were taken from plates exposed on the lJarrell-Ash spectro-
graph. The appropriate Corning glass and/or liquid Kasha filters were
used to order sort. For the most extensively studied Vegard;-Kaplan
bands of N,, the combinations of filters, grating order, and photographic
plate used for the different wavelength ranges are recorded in Table I.
Plate measurements were done with a travelling microscope (CIT
Chemistry ‘No. 4067 i Lines from an Fe-Ne hollow cathode
lamp sérved as wavelength standards. Reproductions of spectra were
made with eithver ad afrell—Ash recording microphotometer or a Joyce-Loeb
recording microdensitometer. »‘I‘he former records the spectrum on-a

percent transmission scale, wheras the latter gives the optical density



Table I. Filter, grating order, and photographic plate combinations
used for the Vegard-Kaplan bands of N, .

r(A) Kodak ? grating filters
h plate orders
2300-3400 1082-0 3,4 NiSO,-CoS0, °
3000-5000 103a-0 2,3 Corning 7740 ©
4200-6500 103 -F 1.2 Corning 3389 €
6000-9000 I-N 1 Corning 3384 ©

3Kodak photographic plate number.
PML Kasha, J. Opt. Soc. Amer. 38, 929 (1947).

cCox_'ning glass number.



~on the plate directly. This should be borne in mind when comparing
the spectra presented in later parts of this thesis.

The Jarrell-Ash spectrograph could be easily converted to a
spectrometer by replacing the plateholder racking assembly with a
commercial (Jarrell-Ash) photoelectric attachment. This has been
ultimately modified6 to include bilateral adjustable exit slits and
an easily adjustable photomultiplier tube holder. The latter has
been designed so that with slight modifications the photomultiplier
may be cooled. In addition a motor drive has been added. Decay
time measurements were performed using this system. The X-rays
could be shut off in about 0. 005 msec by a spring driven brass shutter
and this, therefore, set a lower limit on the decays which could be
monitored. Both RCA IP28 and EMI 62568 photomultiplier tubes
were used. The photomultiplier signal was developed across a 1M 2
load resistor, which was then fed to a simple cathode follower made
from a Philbrick P65AU operational amplifier. A range of capcitances
could be inserted into the circuit in parallel with the load resistor to
reduce high frequency noise. The resulting RC time constants were
~ 0 and0.001 to 0.1 sec. These were always chosen = 107" times the
lifetime of the decay being monitored. The follower signal was dis-
played on a Tektronix type 531 oscilloscope and photographed in the
usual manner. If the decays were quite long, they were occasionally
recorded on a Bristol strip chart recorder. The photomultiplier signal
in this case is amplified by a Victoreen electrometer (Model VTE 1)

before being fed to the recorder.
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The experiments on isotopically mixed benzene crystals,
reported in Part III of this thesis, were performed with additional
experimental apparatus and techniques than that described above.
However, this is described either in the particular section or

elsewhere. 7
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‘ SEectroscogic Evidence for Slow Vibrational and .EllectrOnic

Relaxationiin Solids. The Vegard-Kaplan and Second
‘Positive Systems of N, in Solid Rare Gases.*

D. S. TINTI AND G. W. ROBINSON
4

Gates and Crellin Laboratories of Chemistry,’ California Institute

of Technology, Pasadena, California 91109
ABSTRACT

The spectra emitted from N, doped rare-gas solids at low
temperatures, Vir‘radiated with X—rays, has been investigated in detail.
_The molecular N, emission seen in the spectral range 2300 A to 50004
consists of the Vegard-Kaplan (VK) A E+ x*z and the second pos1t1ve-
g Hu Bl‘I band systems. The latter is observed only in solid Ne. |
Forbidden trans1t1ons of N-atoms and sometimes impurity O-atoms
are ellso seen. - 7

 Both N, band systems show emission from v’ > 0, establishing a
relatively slow vibrational relaxation rate in the ASEE and Csﬁu states
in solid rare gases. For the VK system the relative intensity of
emission from v/ > 0 is strongly dependent on the rare-gas host and on
the N, concentration. No v/ > 0 is seen for a Ne host, whereas in Ar,
Kr, and Xe the relative intensity ef v/ > 0 increases with decreasing N,

concentrations and a maximum v’ = 6 is found in these three hosts.

S Supported in part by the Atormc Energy Commission.

' Contribution No.
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Decay times for isolated VK bands were measured and appeared
exponeﬁtial within experimental error. From the measured lifetime in
Ar, we conclude that the vibrational i-ela.xaﬁon time in the ASEG' state of
N, in solid Ar is greater than 0.4 sec. The effect of temperature on the

relaxation was found to be small in the range 1.7 °K to 30°K.
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- tional relaxation processes in simple van der Waals solids.
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I, INTRODUCTION

Relaxation of electronically excited molecules in solids has
received considerable attention in the last few years. Most of this
work has assumed that vibrational relaxation of molecules in van der

Waals solids occurs in a time fast compared with the radiative and

nonradiative processes that depopulate electronic levels. This

- . - seems to be true for complex molecules as well as for some dia-

tomics. However, systems are known where the vibrational relaxa-

- tion rate in a solid environment is roughly the same as that for radia- h

g
(Vegard-Kaplan bands);2 -7 O, ASE:; -X Zé (Herzberg bands);7 and
-8

: = 3 ‘
S. Bazu - X Z_.  The slow vibrational relaxation in these systems is

g
evidenced by emission originating from higher vibrational levels in

~the upper electronic state. The highest v/ observed is that for N,,

and, therefore, we have chosen this system for further study of vibra-

Diatomics and small polyatomics with few internal degrees of
freedom and large vibrational spacings ,should_ lose vibrational energy
rather slowly in fhe solid phase, since multiphonon processes are re-
quired. In particular, a homonuclear diatomic with large vibrational - :
energy spacing might be expected to have the slowest rate of vibra- |
tional relaxation; A récent theoretical study by Sun and Riceg' also
suggests that vibrational relaxation of diatomic molecules in the solid |
might be slow. We present here further evidence emphasizing that

vibrational relaxation in the solid phase can indeed be very slow.
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Experiments are also described that demonstrate the occurrence of
radiative transitions between two excited molecular electronic states

in the solid gtate.
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O. EXPERIMENTAL

The general technique of matrix isolation, which is used in this
work to study diatomic guest molecules in rare-gas solids, has been
described previously, 40 as has the use of X-irradiation to excite the
.emission spectrum of the guest moleculé.,11
| The rare gases employed were Linde MSC grade. High purity
‘diatomic gases were obtained from either Matheson or Linde. NN

. was obtained from the Isomet Corporation with a stated isotopic purity

.'of ‘98%. All gases were used without further purification. The mixtures
of the diatomic molecule and the rare-g;as were prepéred in one of two
different ways. In the first method, the mixture was prepared in a glass

' vacuum line and stored in a gléss flésk fitted with a stopcock. The gases
‘ : were then transferred to the storage flask by immersing a side arm in
liquid helium and were allowed to mix in the flask overnight. The flask =
‘jl was then attached to an auxiliary vacuum line from which the mixture |
- could be slowly admitted to the vacuum chamber of the cryostat for
deposition. Alternately, the mixture could be admitted to the cryostat
without prior mixing using a continuous flow. system. The flow rate of
the host gas was determined by a Pyrex capillary leak. The flow rate
of the guest, and therefore its concentration, was controlled by means
~ of a variable leak. For both techniques the deposit rate was roughly
15 + 10 mmole/hour. Deposit times were of the order of one hour.’

For the studies at =4.2 °K, the cold-finger on which the mixed
gases impinged is either a coppef plate or a sapphire window, both v<'>f
which are in direct contact with the liquid coolant. Identical spectra are

obtained in both cases.
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For thé variable temperature studies a previously described
- dewar, 12 which has been slightly modified, was used. In this case the
optical window on which the gas mixture was deposited is_ not in direct
~contact with the coolant. The temperature measured and reported is not
that of the window, but rather is the temperature of the copper frame
in which the window is clamped with indium washers. A calibrated
carbon resistor served as the temperature sensor. The lowest meés—
ured temperature in this dewar was about 8 °K and could be continuously
adjusted up to about 30 °K. Thé'winddw temperature was probably sev-
eral degrees higher, especially at the lower temperatures.

The diatomic emission spectrum was excited with 50 kV X-rays
from a tungsten target at a tube current ioad of 45 ma. The X-ray
excitation could be shut off by means of a brass shutter in about 0. 005
sec to facilitate lifetime measurements. The lifetimes were obtained

- mainly from photographs of oscilloscope traces. RCA IP28 and EMI
6356S photomultiplier tubes were used. The emission spectra were
photographed on Kodak O- or F-plates with a 0.75 meter f/67. 3 Jarrell-
Ash spectrograph, which also served as a monochromator to isolate
individual vibronic transitioﬁs for lifetime determinations. The spectra
were taken in the second and third orders of a grating with a first-order

.plate factor of ﬁbout 40 A/ mm. Exposure times varied from approximately
10 min to a few hours. Order-sorting, where necessary, was accomp-

- plished by means of the appropriate cqmbination of solution and glass |

filters.
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III., RESULTS

The emission of light from solid N, and from dilute solid sclutions

" of N, has been investigated previously by numerous authors, employing
2 (=] 2 7y y o

varying excitation techniques. These include electron bombardment, 2,3,8,7

application of ac and dc discharges, 5 and the condensation at low tem-
peratures of the products from a gas disc:harge.f‘L Most of this work,
since the pioneering work qf Vegard2 some 40 years ago,was carried
out at the National Bureau of Standards where Broida and co—workers4'7
extensively studied free-radial stabilization at low temperatures. The
most common molecular emission seen in all these studies is the
Vegard-Kaplan band system of N, ASZ}; ~X Zg.

The molecular N, emission observed in the spectral range 2300 A
to 5000 A when a deposited mixture of N, plus rare-gas is irradiated
“with X-rays consists of the Vegard-Kaplan (VK) and the second positive
e Hu - le'Ig band systems. A discussion of the second positive group,
which is observed only in solid Ne, will be reserved until Sec. III D.
Emission from N-atoms “Zp3 2D - 2p3. 48 and sofnetimes from impurity
O-atoms Zp4 1‘S - Zp'i 'D is also observed. These two transitions are

desigr;ated the a and B groups, respectively, m the publications of
" Broida and co-workers. The Herzberg bands of O, Asz{; - XZZé are

also sometimes weakly seen as an impurity. .
A. Atomic Emissions

The atomic emissions are generally less sharp than the molecular
bands and appear as doublets with the blue component sharper and more

intense. The a-group is typically sharper and more intense than the
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g -group. Approximate frequencies for the most intense feature of the

atomic. emissions « and 8 are shown in Table I.

B. Vegard-Kaplan System

The vibronic spectrum--The VK bands are sharpest in solid Ne,

'becoming progressix/"ely broader and degraded to the red in the heavier
rare-gases or with increasing N, concentration. The narrowest observed
bandwidths at half intensity in the four rare gases arer approximately: - |
<10 cm " in Ne, 20 cm™® in Ar, 40 cm™ in Kr and 40 cm™ in Xe.

Besides the red shading, additional fine structure is often observed.
uat For example, in solid Ar the VK bandsﬂ are all at least double-headed
~under the usual experimental conditions. This is discussédAin more
© detail below. ‘ |
Tables IIto V Summarize the observed VK band frequencies,
assignments, and the corresponding matrix shifts for solid Ne, Ar,
- Kr and Xe, respectively. The gas phase transition energies were com-~

13 .The

~ puted from the molecular constants given by Benesch et al.
‘tabulated frequencies in the Ar host are for the highest energy band
component, which is generally the most intense. In Kr and Xe solids
- the broader lines cause the frequency measurements to be less precise
and also results ir_x considerable ovérlap of different bands. The over-
lap makes some of the vibrational assignments in Kr and Xe somewhat
uncertain.

The vibrational constants of the A and X states in the four rare-
gases were calculated frbm a least-squares fit of thé experimentél

line frequencies t‘c‘) the equafion14
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v = voy + (WgrwHIV! - wixpv'® - (Wfmogxve - wixivrt (1)

‘These constants are shown in Table VI. The difference between thé |
band frequencies ‘calculated from these constants using Eq. (1) and the |
observed frequencies is included in Tables Il to V. The average stan- |
dard error in the four rare-gases between observed and calculated |
frequencies is 2.2 cm;l, which is about the experimental measure-
ment error. A progressive red shift in vy, is found from gas to solid

; and from Ne to Xe. The solid perturbations on w_ and WX, a8 shown

e

in Table VI, are small. The general ‘d'ecrease of w o and increase of

WXy inrthe . 12'; state from Ne to Xe presumably results from an
o .

7 “overall increasing attractive interaction in the heavier rare-gases.
R The vibrational assignmehts ih Ar were confirmed using ENPN |
of 98% isotopic purity. The band frequencies and assignments are tabu-
~ lated in Table VII for 0.25% ““N'°N in solid Ar at 8°K. The ratios of

the reduced masses pz,‘ deduced from the vibfational constants. of the
N, isotopes in solid Ar calculated by Eq. (1), are in excellent agreement
~ with t}ie theoretical value of 0.9668. The comparison is shown in
| _ TablevVIlI, which also gives the vibrational constants of "N'°N in the
A and X states. .Table VIII also gives the vibrational constants deter-
mined for 14N’_1 °N in natural abundance (~ 0.7%) in a l‘J‘Nz sample in
‘solid Ne. The observed band frequencies for “N'°N in Ne are presented
in Table IX. These measurements are less precise than those of the
major isotope present due to the overall weakness of the bands. How-

ever, within the experimental error the inferred values for p? are again

in agreement with the theoretical value.
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Intensities--Rough estimates of the relative intensities within each

v/ progression are given only in the case of Ar in Table III. No large

changes from this intensity distribution were noticed fox‘.the other

 matrices. The overall intensity distribution for 14N2 is in good qualita-
tive agreement with Rydberg-Klein-Rees Franck~Condon factor315 for

. the VK system, giving further support to the vibrational assignments.

- Most of the v/, v” transitions labeled "not observed' in Tables II
through V have VFra_nck'-Condon factors < 10'2. In Ar (Table IiI) some of
these very weak bands were observed on heavily overexposed plates.

The intensity distribution in the 'different v” progressions of the
VK system depends strongly on the host rare-gas and on the N, concen-
tration. Several bands of the VK system as observed in solid Ar at
4,2 °K are shown in Fig. 1 for different N, conéentrations. At high

" concentrations (> 1%) of N, in Ar most of the emitted intensity arises

from v/ = 0, with higher v’ véry weak. However, as the N, concentration

is decreased, more of the emitted intensity originates from v’> 0.
Levels as high as v’ = 6 have been identified for ¢ 0.3% N, in Ar.  For

~ concentrations less than about 0.1% N,, no changes in the relative

intensity distribution occur and no higher v/ than 6 is observed. A

- series of plates for 0. 3% N, in Ar at 1.7 °K were purposely overexposed

to search for weak emission from v’/ > 6. Although lines due to MN‘IS_N in
natural abundance (~ 0.7%) were seen to the high energy side of the
stronger VK bands, no emission from v/ > 6 was found. |

Very similar results are obtained in Kr and Xe solids except that
more VK emission oceurs from v/> 0 for a fixed N, concentration in

' these heavier rare-gases. Figure 2 compares the VK emission in Ne,
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Ar, Kr and Xe for 1% N,. Concentration studies again indicate that

V’max = 6, as shown for the Kr studies in Fig. 3. The absence of

‘emission from v > 6 of the A state is not, of course, due to predisso-

ciation since higher vibrational levels of A are known from the first

6 Furthermore, the lowest dissociation limit of
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positive system of N,.
N, has been conclusively determined to be 9.78 eV, some 2.5 eV above
- v = 6 of the A state. A possible explanation for this breaking off is pre-
sented in Sec.IV in terms of the excitation mechanism.

For the 0.1-1.3% range of N, concentrations studied in a Ne host,
no bands of 14N2 with v/> 0 were photographed on plates where the v/ =0
progression of “N'"N is seen in natural abundance. We estimate, there-

- fore, that the steady state population of v = 0 in the A state must exceed
that of v > 0 by roughly two or more orders of magnitude in the Ne host.

In the recent investigations by Broida and co-workers, only bands
- with v/ =0, 1, and 2 were ob'served, and these decreased in intensity
with increasing v/. However, the concentration of N, was approximately

3% or greater and the resolution employed was less than ours. At these
-high N, concentrations the VK bands are typically broad and, therefore,
bands with v/ = 3 overlap bands originating from v/ < 2. Vegard originally
-observed bands with higher v/ but in agreement with our results only

v/ < 6 were seen. Vegard also assigned a few bands for which v/> 0 in
solidified Ne, but they were very weak and this could explain our failure
to photograph them. |
The conclusive observation of emission from v/> 0 in Ar, Kr, and

Xe establishes a vibrational relaxation time in the A‘°‘:z::; state of the |

- order of,' or longer than, the electronic lifetime of the spin-forbidden
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- VK bands in these solid hosts. This will be discussed more fully in

Sec. IV.

Temperature studies--The VK system in solid Ar and Kr hosts

was photographed over a temperature range 1.8 to 30°K. In Ne the
range was limited to the two temperatures 1.8 and 4.2 °K. Figure 4
shows microphotometer tracings of part of the VK system for 0.2% N,
in Ar at various temperatures. The upper tracing is the spectrum of
the unannealed sample at the deposition temperature, approximately

8 °K. The lower spectra show emission from this same deposit after
annealing at around 28 °K for roughly SO‘min. Further annealing at 28 °K
did not change the spectrum in any way, implying that "annealing' is
.complete in less than 30 min. |

The spectrum from a gas mixture of nearly the same composition
deposited at 4.2 °K ina different dewar system and photographed at
4.2°K and 1.8 °K was the same as the unannealed spectrum in Fig. 4
except for an overall line sharpening and the absence of the continuum.
The annealed spectra in Fig. 4 also do not show the broad,emis.sion
present in the unannealed sample. Although various broad continua have
been seen at various times in all rare-gas solvents, they are not always‘
present. The source of these continua and the reason for their disap-
pearance with annealing are unknown.

The relative intensity of emission from higher v/ is slightly
reduced after the first annealing. However, for later temperature
cycling between 4 °K and 30°K, the only spectral effects observed are
a general line broadenin_g and an apparent reduction in the relative

intensity of the red components at higher temperatures (cf. Fig. 4).
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These latter two effects are completely reversible. Since the relative

v’ intensity does not vary with temperature after the initial annealing,

' the vibrational relaxation rate in the A state is not a strong function of

temperature below 30°K.

Completely analogous results, although not as complete, are
obtained in Ne and Kr hosts. Identical spectra were observed at 1.7 and
4. 2°K in solid Ne. vSharper lines are obtained if the Ne sample is pre-

" pared at 4.2° rather than at 1.7°K. When 0.2% N, in Kr was deposited
at 8°K, additional spectral features were observed that were absent in
the spectra ’;aken at 4. 2°K. These consisted of a broad emission band
approximately 220 ¢ to low energy of each VK band as shown in

Fig. 5 for some representative bands at the .two temperatures 9 and
32°K. The sample was annealed at ~30°K before these spectra were
taken. | In Kr some line sharpening of the higher enei'gy component
occurs with deposition at ~10 rather than 4.2 °K. Annealing at ~30°K
does not lead to any further reduction in the linewidth. The intensity of
the low energy component, contrary to the results in solid Ar, increases
~with increasing temperature, which may explain why it was not found at

| 4.2 °K. Neglecting the broad components, the relative v/ intensity
remains approximately constant, independent of temperature, below 30°K.

Fine structure--The VK bands in solidified Ar, as seen from the

spectra presented earlier, are all at least doublets. This fine structure,

2-7. .
7 is not seen in Kr or Xe

which has been noted by previous workers,
hosts. However, this may be due to the increased linewidth in the latter
two hosts. The fine structure in Ar appears to the low frequency side of

the main line reported in Table II. The energy separation of the red
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components from the main line is (40+4) cm™ and (61+2) cm™. The
61 cm”™ component is seen only on“the ‘v’r ;Oﬁprx;c}gression. Both
features are seen for both MN?_ and NN in Ar. For completeness
we note that on one very heavily exposed plate an additional feature
was seen inthe v/ =0 proéression ~306 cm™ " to the red of the main
line. This has a sharp blue edge but is very strongly degraded to the
red, which could explain why it is not usually photographed.

" The relative intensity of the various components varies some-

what with experimental conditions. However, the only changes which

. appear systematic are as follows. Under all conditions investigated -

- in Ar the relgtive intensity of the red components decreases with

increasing v/ . At 4.2°K the 60 cm”™ removed feature is usually

slightly more intense and the 40 cm” feature less intense than the

" main v’ =0 line. For progressions with v/ > 0 the single additional

component 40 ecm”™" to the red is always weaker than the main line.

Thesé relative intensities are generally independent of N, concentra-

) tion as seen from Fig. 1. The 40 and 60 em™ red components. in Ar
decrease in intensity r;aversibly with increasing temperature, while
the much further removed red component in Kr increases in intensity
reversibly with increasing temperature (cf. Figs. 4 and 5). |

In Ne fine structure is seen mainly to high energy of the strong

~main line reported in Table II, although weaker structure and shading
appears to low energy. For example, the 0, 10 VK band for low con-

- centrations of N, in Ne has additional features at +90(vw), +60(w),

+43(w), +28(m), -15(w), —34(vw), and -54(vvw) cm™" removed from the
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main line. Intensity estimates' relatifre to the very strong main line
are given in parenthesis. As in Ar this fine structure is somewhat
variable. At high N, concentrations (2 1%) only the main line and
structureless red shading is seen.
The origin of this varied multiplet structure remains unknown.
The theoretical frequency spectrun118 for both solid Ne and Ar have
two maxima at about 40 and 60 cm " which is Withih the range of the
observed splittings. However, it is clear that phonon emission alone
_ is insufficient to explain all the observations. Other possible explana-

tions include multiple trapping sites and restricted translational motion.

C. Decay Times for Vegard-Kaplan Bands and the a-Group

Atomic emissions-~The g-group, reportedly due to the e oty

.transition of the O-atom, 8 decayed faster than the ~5 msec limit
imposed by the Xeray shutter. The forbidden atomic N emission

D -—4S, on the other hand, is very ieng lived and deviates considerably
from a first-order decay law at short time, as is shown in Fig. 6 for
~Ne and Ar hosts. The decay of the a-group was partially studied enly
for these two rare-gas hosts and only at 4.2 °K. The atomic decay in
Kr was measured only once and decayed non-exponentially, very simi-
lar to the decay in Ar, but in a shorter time. The initial half-life in

Kr is ~5 sec, increasing to ~7 sec at the end of the first decade decay.
In Ar the corresponding half-lives are ~7.5 and ~10 sec, respectively.
- The atomic deeays were measured with a relatively large monochrom-
ator band pass (40 cm‘l), so that the decay does not represent an iso-

lated component of the a-group. The latter is not a single line, but |
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consists of at least two components which could explain a non-exponential

decay. Alternately, the non-exponential behavior could arise from |
| recombination reactions involving *D N-atoms, e.g., 215 +°D and *D +%8. «
If recombination reactions were large contributors tothe decay kinetics,
highly non-exponential decays would be predicted. |

The atomic decays do not appear to follow the same kinetics in Ne

and Ar. For example, in Ne the initial decay seems to follow second-
order kinetics since a plot of I * versus time is linear during the first
~150 sec of the decay. However, in Ar such a plot is not linear. I
seems reasonable to ascribe the exponential decay at long times in Ne
to the 2D ~*S radiative transition of the N-atom. This then has 2 lifetime

19

-of (340+10) sec in solid Ne, compared to 41 sec in solid nitrogen and

20 1t the exponential tail indicated in Fig. 6

~12 hours in the free atom.
for the a-group in solid Ar bersists to longer times, then the D8
radiative lifetime is roughly'.18 sec in Ar. The short time non-exponential N
behavior in Ne, Ar, and Kr is assigned to atom recombination. In Ne the
recombination is apparently mainly °D + *D which gives second-order
kinetics at short times for the D decay. In Ar and Xr presumably other
recombinations are also occurring to a substantial degree, yielding a -
| complicated de‘cay. The atomic decays were not investigated as a func-
tion of X-irradiation time, which might help to elucidate the kinetics.

We note that in all three rare-gases the atomic decay times are much
longer than the initial VK decays. .

Vegard-Kaplan system--The decay times for the N, VK bands

were measured in the rare-gas solvents for different N, concentrations

and éample temperatures. The data obtained for the VK bands are
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summarized in Table X. The lifetime in Xe is shorter than the X-ray
- excitation shut-off time and, therefore, only an upper limit could be
set. Considerable difficulty was encountered in- obtaining the VK decays
in a Kr host because of lower signal-to-noise and since the emission
intensity had already partly decayed from its mean steady state value
before the exéiting X-rays were completely off. Therefore, lifetimes
were életermined only for ~1% N, in Kr which roughly corresponds to
the lowest concentration for which the decay could be monitored with

The lifetimes reported are averages for different isolated bands :
with the same v'. Care was taken to use only well-resolved tands in
clean spectral regions. Therefore, the number of different bands
measured, especially at low concentrations, was limited. The decay
for each band used was measured several times and at least two bands
were used for each v'. The “decay constants for a given band agreed to
better than 10% with each other and with the constants for other bands
of the same v' progression for any particular sample. However,. the
: reprodu01b111ty between dlfferent experlments at the same N concen=-

tration and temperature is a.round 10%.

" The monochrometer band pass was nearly always sufficiently
large that the measured decay represents some mean of the high and
low energy components. The w.‘avele.ng“th setting of the monochrometer
was slightly adjusted {0 maximize the photomuliiplier currexﬁt,- so that
the wavelenO'th at which the 1nten81ty decay was monitored for the same

band in chfferent experiments is not necessarlly the same.
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Individual decay times were determined graphically from the slope

of a logarithm of intensity versus time plot, examples of which are

shown in Fig. 7. As nearly as can be determined, the initial decay

of the VK bands appears exponential. However, with the experimental
signal-to-noise ratio a definitive conclusion on the decay law can not
be reached, since the intensity of an isolated VX band is usually too
weak to follow its decay over much more than one decade change in
intensity. Nevertheless, it is important to note that for short times
after the excitation shut-off, where the signal-to-noise is maximum, no
certain deviation from an exponential decay lé.w is apparent for any

of the isolated bands studied. For this reason the initial points of

the log I versus time plot were weighted slightly more in the graphical
determination of the decay time. Thus, the reported values represent
mainly the initial decay with an assumed first-order rate law and
accordingly are referred to as '"lifetimes'. More correctly these
values are the times for the emission intensity to decay to 1/e of its
steady state value. When "half-life" is used, we mean the time for the
intensity to decay to 1/2 its initial value. | |

In solid Ne where only v' = 0 is seen for the VK bands, it was

possible by using a larger slit_width and electrical high-frequency

: filtering to increase the signal-to-noise and, thereby, follow the e

decay for longer times. A typical decay is shown in Fig. 8 for
0.1% N, in solid Ne at 4. 2°K. The initial decay is exponential,
“but a very long lived nonexponential tail is present. This tail,

however, ‘does not contribute'apprelciably to the initial decay which
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we tai;e to be the lifetimé of the A state in the Ne host. The tail most
- likely arises from atom recombination in the solid which repopulates
~ the A state after the X-rays are extinguished. Presumably, atom
| recombination also occurs in the other rare-gas hosts as suggested by
| the non-exponential decay of the a-group. However, no evidence of this
1s present in the initial VK decays, so that the pumping from recombina-
tion occurs much more slowly than the rate for disappearance of the A
state. Moreover, the results for Ne imply that atom recombination is
not the dominant mechanism for exciting the A state.
If the lifetimes are rigorously exponential, then no vibrational
cascading is occurring during the lifetime of the A state, even in the
. ~hosts where v' > 0 are seen in the VK system. If the decays were ob=
viously nonexponential at short times, or if greater sensitivity were
available,it would be possible with certain assuxhptions to analyze
.the decay curve and obtain iﬁformation-'conéerning the relaxation
kinetics. It is, therefore, of interest to de’:erfaine the decay law
much more accurately than was possible in this work. Howevei*, as
will be discussed in Sec. IV, the limited experimental results do
permit a rough quantitative limit to be set on the vibrational relaxation
rate in the A 32: state of N,
The lifetime of the N, A SZZ state in S(;Iid Ne should be com~-
~ pared with the gas phase radiative lifetime, since previous (limited)
experience in this laboratory has indicated that the solid Ne perturba-
tion on molecular lifetimes is not usually very severe. Moreover,
since v' > 0 are not seen in the VK system for a Ne host, the decays

are not affected by slow vibrational cascading. [
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However, considerable uncertainty rexists as to the free molecule
radiative lifetime. A direct measurement of the gas phase lifetime is
most desirable, but because of the small radiative transition probability
such measurements afe very difficult and easily distorted by radiation-
less quenching of the long-lived A state. A direct measuremerf by

g e e . 22
Zipt resulted in Ty ® 0.9 sec. A more recent determination

gave'i ngo ~ 10 sec. Both of these measurements involve signifi-

cant cofrections for diffusion and quenching of A SEZ molecules at

the walls of the discharge vessel. Alternately ’I‘A can be indirec»tlyr

determined from the ratio of the radiative lifetimes of the A and B
 states, which has been determined in an elegant experiment by

Carleton and Oldenberg. s From the absorption strength of the

1.. 0 B - A transition aﬁd the absolute intensity emitted in the VK

A —X 0,6 band simultaneously measured in a discharge through

= =1 ‘ o
purified N,, they obtain TX 0 4 TBV - =(L.0=0.4)X 10 sec.

Although Tp Was for a long time very uncertain, rrecent diréct deter- -
minations‘z4 appear to be converging to ngl =({7.821.0)% 10"G sec,
which yields T“fo = (12. 5 + 4, 9) sec if the ‘Carleton and Oidenberg

. ratio is acceptéd. Thus, even the recent deter»minations of T, have a
range 0. 9 to 17 sec.

The VK lifetime of 3.3 sec in solid Ne lies within the range of
the gas phase values and may be very close to the actual radiative
lifetime. This measured lifetime reflects of course both the radiative
and nonradiative mechanisms for depopulating the A state. For highly

forbidden transitions, it is well known that measured lifetimes in
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solids can be considerably shortened by nonradiative mechanisms.
The nonradiative rate for internal electronic relaxation from v =0 in
the A state to high v in the ground state should be very small since the
‘density of vibrational levels of X in the vicinity of A is very coarse. 3
- However, it should be emphasized that the presence of N-atoms,
besides giving a long lived t2il to the decay from recombination reactions,
might also in some fashion helprquench excited N, molecules. |
Large changes in the decay times for both the atomic and
molecular emissions occur with changing the solid environment since
the heavier rare-gas solids shorten the. lifetime of a spin-forbidden
transition. A mechanism whereby the transition acquires additional

probability has been discussed by Robinson and Frosch10 25
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and in
detail by Robinson. In brief, the states of the host heavy-atoms,
.Which have large spin-orbit coupling, are mjxed with the guest states
so that the guest states of different multiplicities are more strongly

coupled in the heavy-atom environment relatlve to the free molecule

‘ 'A scheme for estlmatmg the additional oscillator strength f' due to
heavy atom perturbations has been given by Robinson, who concludes
from a second-order perturbation treatment that for heavy rare-gas
solvents, . }

2 2 2
(2.5) Ca Mo

it~ L | o ) (2)
. _ _ P : :
Fo (Fo -V )¢ |

Here C is a semiempirical interaction matrix element, A is the spin-

orbit coupling constant in the rare-fra.s F, is the center of-gravity of
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the lowest P, states of the rare-gas, v, is the appropria{e guest
tlfansiti011 energy, and fp is the total perturber oscillator strength for
the l’3]91 - lSO transition. The factor (2. 5)2 roughly accounts for
- contributions to the perturbed oscillator strength from otler than the
lowest resonance transitions. Robinson suggests that the value of the
interaction matrix element is 10-25 cm . Although this range is based
on experimental interaction energies in organic crystals, we assume
the magnitude to be correct for nitrogen in solid rare-gases. The
values of the host parameters used in Eq. (2), which were also taken
from Robinson, and the calculated perturbed oscillator strength and
lifetime for the VK system in the three hosts, Ar, Kr, and Xe,
respectively, are given in Table XI. The VXK lifetimes refer to the
zeroth vibrational level of the A state. The rare-gas oscillator
strength given in Table XI is 12 times the gas value since each guest
molecule is perturbed by roughly 12 host heavy atoms.

The observed dipole strength should equal the sum of the

free molecule plus the heavy-atom induced dip_qle strengths. If

the longest lifetime measured in Ne, 3.3 sec, is taken as the unper-
turbed radiative lifetime of the VK transition, then with the calculated
perturbed lifetimes shown in Table XI the radiative lifetimes for the

v = 0 level of the A state in the heavy-atom hosts become: 0.5 sec in
Ar, 0.024 sec in Kr, and 0. 008 sec in Xe. _These lifetimes are only in
fair agreement with the experimental lifetimes. However, if the inter-

action constant C is increased somewhat, then the calculated perturbed

lifetimes can be made to agree with the observed lifetimes, as shown

in Table XI. Since there is no reason to expect the interaction consfant
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to be either 25 cm'l. or constant for all the rare-gases, we take this
near agreement between caiculated and experimental lifetimes as
support for both the theory of Robinson and the correctnesé of the
experimental lifetimes.

In the free N, molecule, the A—~X transition probability is ex-
pected to depend on the vibrational level of A. This arises mainly from
a large variation of the electronic transition moment with internuclear
distance, - together with a smaller frequency factor. The overall effect.
acts to increase the transition probability, i. e., decrease the radiative
lifetime,for VK emission from v™>0. The magnitude change in the VK
radiative lifetime relative to v'=0 can be estimated as = 15% for low v'.
This small change in the lifetime results from the large Franck-Condon
enveiope for the VK system, which L;auses the varying transition moment,
to be averaged over many bands. Such effects are expected to show up
where the transition is; high-ly forbidden and become of diminished impor-
tance as the transition gains allowedness. Thus, in a heavy-atom envi-
ronment these effects are not expected to appear for the VK bands. The |
concentration dependence of the VK lifetimes, as shown in Table X,
suggests that the lifetime shortening for high v/ is due to some form of
concentration quenching. This is supported by the concentration depend-

ence of the steady state intensities discussed earlier and shown in

Figs. 1 and 3.
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D. Second Positive System of N, in Solid Neon

The second positive (2+) band system of Nz; Cgﬂt; =4 Baﬂg
‘is well known in the gas phase, 18 but has not previously: been
observed in condensed phases. However, when 2 éolid mixture of
Ne plus low concentrations of N, is irradiated with X-rays the (2+)
system of N, is readily emitted. The observed bands belonging to
| the sequences Av = -1, -2, and -3 are shown in Fig. 9a. The overall
VK intens(ity frbm the 1% N, in Ne sample corresponding to Fig. Sa
is roughly two orders of magnitude greater than the (2+) intensity.
~ Therefore, the &v = 0 and +1 sequences are strongly overlapped by
the structure associated with the heavily overexposed 0,8 and 0,9 VK
bands. These la.ttér two sequences are shown in Fig. 90 which cor-
responds to 0. 2% N, in Ne where the (2+) intensity is increased relative
to the VK. This concentration dependence can also be seen by compar-
.- ing the emission spectrurh frdm ~1% N, in Ne shown earlier in Fig. 2
with the spectra displayed in Fig. 9.

The transition energies, vibré.tiona.l assignments and ﬁ_zatrix
shifts are given in Table XII. The vibrational constants in the C and
B states, calculated from Eq. (1 ),‘ are compared with the gas phase
values in Table XII. Although the vibrational numbering was not
checked by'isotopic substitution, the'agreement of the calculated
constants and observed band positions with the gas phase values
leaves little doubt as to the correctness of the assignment. The solid

perturbations on 9 and wx,are small for both the B and the C

states. The transition shows a relatively uncommon blue shift in the
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solid, but it is quite small, amounting to only 80 cm-_l for the 0,0 band
and is not unreasonable for a transition‘bemeen-two excited states.
Furthermore, as in the VK system; the intensity distribution in the
‘three observed v'' progressions 6f the (2+) system agrees with the
relative intensities predicted from Franck-Condon factors. .28
The potential curve for the C state is rather complicated in

the gas phase. Presumably;' at least four bound vibrational levels

exist, each of which shows a breaking off on account of predissociation.

No emission is seen from v' > 4, . Carro_ll o has suggested that
part of the observed irregularities in the C' state (upper siate of the

. Goldstein-Kaplanbands)is due to interaction with the C state and con-
cludes that the potential curves for the two states are possibly joined ;
together to form an overall 3Hu curve with a déuble minimum separated
from the 4S + 2D dissociation limit by a potential hump. Unfortunatelj,
no emission from v' > 2 in the Csﬂu state nor any evidence of the
Goldstein-Kaplan system was seen in the soiid spectrum, so that we
are unable to investigate possible solid perturbations on the inter-

-esting features outlined above. | | _

The vibrational relaxation rate in the C sté.te must again be :

slow compared to the gas phase radiative lifetime of 40 X 10‘.9 sec,glJ

since emission from v' = C, 1, and 2 is seen. However, the intensity

of v' > 0 is less than that of v' = 0 for all N, concentrations

studied and doés not appearr to change with either guest cbncentra.ii on

or temperature between 4. 2 and ds: 5 B, The‘absenc‘e of efnission from

v'> 2 in solid Ne might be due to an absence of bound vibrational levels
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in the C state for v > 2 in the solid. However; this explanation for

the breaking off of emission appears unlikely, . As Schnepp and
D::'essler‘?2 have shown for the dissociation of the B3ZL_1 ét'ate of G,

in solid Ar and N, hosts,' the repulsive interactions in the solid

often increase the dissociation limit or at least introduce a

potential maximum. Moreover,- larger changes in the vibrational
constants of the C state than are observed Would.be expected if the
‘change in the potential curve in the solid were sufficient to reduce

the numbef of bound levels. We, thus, conclude that either v > 2
| in the C state is not populated or, if populaﬁed, relaxes within the
radiative lifetime to lower vibrational levels.

The observation of the (2+) system»of N, in a solid environ-

ment is at first sight - surprising since molecular emission in

solids normally comes only from the lowest excited state of a given
spin multiplet. For polyatomic molecules radiationless processes
are nearly always sufficiently rapid to depopulate the higher electronic
states, even though they may hawe allowed radiative transitions to
lower states. For diatomics, however, electronic relaxation might
be expected to be somewhat slower since the molecule has fewer and
more coarsely .spaced internal modes. Following the theoretical
model of Robinson and Frdsch, - this implies the density of available
final states in the relaxatibn process will be lower and thus the overall
relaxation rate reduced. Nevertheless, only a few bahd systems |
~originating from higher electronic states have- bee.n reportéd and none
are known to terminéte in other than the ground state. Presumably

this is partly due to the difficulty of exciting these high enérgy_ states
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in a solid environment. We note that the (2+) system is not observed
in Ar, Kr, or Xe matrices, where the excited states of the rare-gas
solid33 lie near or below the ~ 11 eV gas phase energy of the C

be This suggests that fast relaxation takes place in the heavier

state.
rare-gases at least down to the lowest host states or band so that the
C state is excited only in solid Ne. It is most 1ikel.y a general rule
for solids that molecular radiative transitions can not compete with
nonradiative transitions when the upper state is imbedded in or .
lies above the host band. The guest and host states will be strongly
mixed under these conditions and both inter- and intramolecular
relaxation processes will proceed faster than radiation of light.

One experimental attempt was made to observe the first
positive system in absorption (B 3Hg - A 32; ). Since the lifetime
of the A (v = 0) state is quite long in solid Ne and the VK system
rather intense, it was felt that perhaps the 0, 0 of the allowed B~ A
transition could be observed while irradiating with X-rays. However,
no absorptlon was seen for ~1% N, in Ne in the spectral region 9000

- to 12, 000 A, ‘which brackets the gas phase O 0 of the first pos1t1ve
sys’ceml6 at 10,510 A. ‘



39

Rather complicated mechanisms are available for; exciting the
N, VK bands in a solid irr‘adia.ted with X-rays. The actual mechanism
or mechanisms must explain the breaking off of the VK emission above
v' =8, The gas phase potential energy diagram of N,, a8 shown in
~ Fig. 10, suggesfa possible radiationless path for populating the A
state which would not populate v > 6. Fig. 10 shows a near resonance
of the v = 0 level of the B state with the v = 7 level of the A state. If
relaxation to the v = 0 level of the B state Were relatively fast and if only
the transier B - A were important, ‘ then the observation v/ <6 in the
VK bands could be understood providing the relative energy shifts of
" the states in the solid were not too large. Faster relaxation in the B
“and higher states occurs, we believe, because the overall densi-ty of
states is much greater than in the low vibrational levels of the A state. .

The N, molecule is probably excited mainly by energy transfer

from the lowest host exciton band, which lies 33 4t 8. 4, 10.0, '11.6
and roughly 17eV for Xe, Kr, Ar and Ne, respectively. Only in solid
Ne does the C state lie below the'host.band and, thus, the (2+) C~B
system is seen only in Ne. 'I"he only experimental observation inconsistent
with the prop_osed mechanism is the presence of 2D N-atoms in all four
rare-gases. If relaxation were sufficiently' fast above the lowest host
band, then from energy considerations exciteci 2D N-atoms would |
occur only in Ne and possibly Ar solids (cf. Fig.10), ' Perhaps the
atoms are formed from the fra,ction‘of molécules that directly absorb

energy from the X-ray photons.
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That a substantial number of atoms are present in these solids
is evidence by an intense &-group emission. This is often the single
most intense feature in the emission spectrum after prolonged X-
irradiation, although the integrated VK intensity is always one or
more orders of magnitude greater than that of the atomic a~group.
The total N-atom concentration is of course not known., No 2P ——4S
emission is seen, but this would be very weak since most 2P N-afoms '

”will decay by 2P —- 2D whose t_ra_.nsitio_n energy 1s outside the spectral
regioh investigated hei'e. Atom recombination also leads to excited N,
molecules. Evidence for recombinafion'_is bresent in the VK decays
for a Ne host as discussed earlier. The non-exponential atomic decay

in Ne, Ar, and Kr also suggests recombination reactions.
B. Vibrational Relaxation Time
R N s T e Ve VO N

It is obvious that emission from v' > 0 in a molecular band system
S can occur onljr if the radia.tiire lifetime of the band system is of the order
or shorter than, the vibrational relaxation time. If the radiative life-
time is much shorter than the réléxation time, the observed intensities
of different v'' progressions reflect tlhe different excita;tion rates and the
variation of the radiative lifetime with vibrational level., On the cther
hand, if the radiative lifetime is much longer than the vibrational
relaxation time; thén all emission occurs from the lowest vibrational
level of the excited state regardless of the initial vibrational level or
levels excited. In these two limiting cases the observed decay aftér

the excitation cut off for v' = 0 will appear exponential. However, if

the electronic radiative lifetime and the vibrational felaxation time

are nearly equal, then. the observed decays will not appear exponential.



Since v' >0 are seen for the VK bands in Ar, Kr, and Xe and since

the decays for Ar and Kr are exponential at short times within ex~
perimental error, the vibrational relaxation time must be longer than
the VX radiative lifetime. Thus, in solid Ar the vibrational relaxation

g :
time in the A % | state of N, is longer than 0.4 sec. In the other

rare-gases where v/> 0 are seen, a lower limit for the vibrational

~ relaxation time may be similarly set.

This lower bound to the vibrational relaxation time’ does not
depend on the measured VX decay times being the radiative lifetimes.
It only depends on the rélative magnitudes for populating a given
vibrational level by cascading from higher levels and for depbpulating
that level by either radiative or nonré,diative transitions to the ground
electronic state. This conclusion is not affected by such factors as
as atom recombination as long as the time scales are sufficiently

_different.

C. Concentration Degendence

Without the decay measurements, it is attractive to relate the

| concentration dependence of the steady state intensities to a concentra-
tion dependent vibrational relaxation. The competition between a
roughly constant vibrational relaxation time and the changing VK radia- '
tive lifetime might then account for the different steady state popula-
tions of v = 0 in the A state among the four rare-gases for a given N,
concentration. However, this requires that the vibrational relaxation
time be véry nearly equal to the VX lifetime in solid Ar, in which case

non-exponential behavior at short times.is expected. Although we



42

cannot completely eliminate such a mechanism, it is probably not
important.

The concentration dependence of both the steady state populations
and the decay time for v > 0 is presumably due to a selective concentra-
tion quenching of higher vibrational levels of A, assuming that the excita-
tion mechanism is not'appre_ciably concentration dependent. Intermolecular
transfer of the total electronic plus vibrational excitation energy
. between N, molecules in a solid is most probable in the resonance case.
Considering only resonance transier between Aszz N, molecule with
v > 0 and a ground state N, molecule, the largest Franck-Condon fac-

J::ors15 and band oscillator streng’ths27

occur for high v and, therefore,
the maximum energy transfer to "relaxation centers' occurs for high v.
These centers éould be, for exaniple, lattice defects, atoms, dimers,
or impurities. These are all expected to increase in number with

~ increasing concentration. During the long time scales involved, a very
small non-nearest-neighbor coupling between N, molecules, as suggested

by Sun and Riée, J could thus lead to significant energy transfer and

concentration quenching.

D Comgarison with Cther S}{stems

A number of other light atom diatomics have also shown emission
from v/ > 0 when present as guests in solid rare-gases. Table XIV presents
the pertinent data for all these known systems. Also tabulated are data for
some diatomics for which v’l> 0 is not seen in solid rare-gases.

With the exception of O, and S,, the diatomic band systems tabu-

lated were all studied in these laboratories using X-ray excitation
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techniques. We have reinvestigated the Herzberg system of O, (A -~ X

in the rare-gases employing X-ray excitation and also see v/> 0 only

in solid Xe, where weak emission from what seems to be v/ =1 is
-observed. The spectrum in Xe is quite diffuse whereas in Ar and Kr,
where only v/ = 0 is seen, the linewidths are similar to those observed
_for the VK systém. The S, B -+ X system was excited8 by absorbing info

v =3, 7, and 9 of the B state. In all cases only v’ = 0 and 1 was reported
for the Xe host. |

It is obvious from Table XIV that emission from v’> 0 for dia-
tomics in solids is a relatively frequent occurrence. It occurs for both
homonuclear and heteronuclear diatomics and in the lowest and higher
lying excited states. This is much different than the usual case for
| larger polyatomics where emission only occurs from the zeroth vibra-
tional level of the lowest excited state of a given spin multiplet. This is
probably related to faster relaxation rates in the larger molecules
because of the greater number of internal degrees of freedom.

Based on the available data, it is not possible to draw any major
conclusions or make generalizations at this time. I;Iowever, the follow- |
ing features seem noteworthy. Even among the simple diatomic mole- |
cules shown in Table XIV, the vibrational relaxation time in excited
electronic states varies from ~1 sec to 10™ sec. The highést v’
observed occur for the N, VK bands where v’ =6 is observed. Moreover,
this band system has the longest radiative lifetime. As seen from Fig.10,
the A state is the lowest excited state of N, and is far removed in energy
from other known N, electronic states. Furthermore , the VK emission

breaks off when the upper state vibrational level lies very near or above
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the next lowest lying excited state. Thus, it appears that an increased

density of states where present may preclude observation of high v/ in

‘solid phases by increasing the number of paths for relaxation and in-
creasing the relaxation rate. It is also interesting to note that for

35,56 which can at least

CH, OH, and OD fine structure is observed
in part be assigned to rotational structure. Thus, even if the molecule
is undergoing rotational motion in the site, the vibrational relaxation
time can remain long relative to electronic radiative lifetimes. . This
is particularly significant for heteronuclear diatomics since the
rotational motion is coupled to the "quasi-translational" motion of

the guest molecule in the rare-gas cage. o This coupling might be
expected to increase the relaxation rates. It would in fact predict

the apparent faster relaxation for OH relative to OD.

For polyatomics in solids the only estimates of vibrational
relaxation rates at low-t emperatures comes from spectral line widths.
Robinson and Frosch have pointed out that at 4. 2°K the typical line
widths are ~ KT = 3 cm—1 so that from the uncertainty principle the

ibrational relaxation time is ~ IO"ll'sec. More récent studies 38 on
isotopically mixed aromatic ;crrystals have shown that the guest

1, which corresponds to

phosphorescence linewidth of C H, is £ 0.1 c;n;
vibrational relaxation time in the ground electronic state of > 107" sec.
The vibrational relaxation times imposed by the above data are
much longer than the often quo‘ced times of <107*° sec. This is in qual-
ita_tivé agreement with the recent theoretical conjecture of Sun and

- Rice ‘(SR). These authors calculate a collision induced vibrational

relaxéiion time for a ground state N, molecule in solid Ar of 0. 01 sec
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(at 65°K ?). Since w, for N, in its ground state is 1.6 times that in the
Asz:jl statie, one reasonably expects the vibrational relaxation time in
the ground state to be even longer than our valué of > 0.4 sec for the -
excited state. Moreover, the rate expression given by SR suggests a
relatively large temperature dependence at moderate temperatures,
contrary to our observations.

Other models for vibrational relaxation in solids have also

39,40 . z J
9, These involve resonance interaction

recently been reported.
between the vibrational quantum and the appropriate number of lattice
phonons at the Debye maximum. Fairly good agreement is obtained

between rates deduced from acoustic measurements and calculated rates.

All examples, however, are near room temperature and involve only a -

small number of phonons. For N, in solid Ar more than 20 phonons at
the Debye maximum are required and any numerical calculation along
: these lines is probably not meaningful. However, these models do sug-
| gest that higher-order multiphonon processes, as required for N, in Ar,’
are slow. They also are in agreement with experiment in predicting no

| temperature effect at temperatures well below the Debye maximum.
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TABLE L

Most Intense Feature of the o and 8 Groups in Solid Rare-Gases

e o B

| N D-% o *s-'D
Host (em~%) (cm~1)
gas?® j 19227 : 17995
Ne ‘ 19217 © 17926
Ar 19185 17833
Kr 19136 . 17763
Xe 18564

8. E. Moore, Natl. Bur. Std. (U. S.)Cire. No. 467, Vol.I
(1949) pp. 32, 95; III (1958), p. 239. ' |



50
TABLE IL

Vegard-Kaplan System of N, in Solid Neon

viovr Yyac () Ymatri©m ) Av(em©)
gas-solid vac ~calculated

0 3 42749 R 1 ol 3

0o 4 40506 : 101 -0. 3

0 5 38292 | 100 0.5

0 6 36109 96 ~'1,3

o 7 33953 94 1.0

0 8 31824 94 1.8

0 9 25728 91 0.4

0 10 27661 81 1.9

0 11 25617 90 2.5

0 12 23607 88 5.1

0 21630 82 2.4
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TABLE 1.

Vegard-Kaplan System of N, in Seclid Argon
a

1 s o -1 -3
i Lxr.lile?fsl;]t;f Vvac(cm ) Zzéasafééi(gm ) V‘}zz;(_ccgllc)ulated

0 3 W 42717+t 1mal T 5.8

0 4 m 40477 - + * B0 0.6
0 5 ms 38263 129 1.2
0 6 | 136080 © - 125 EEERE X
0 7 . 33925 . EEE - ¢ L C 1.8 .
0.8 ‘ .. 81799 R | ) 1.2
0 9 ms 29700 . - 118 " Sl
0 10 m 27635 . . 113 et ol
0 i1 w 25595 s 438 T - -0.3
1- 8 w 44151 188 . - -1.4

1 4 m Pol BRI ¢t Sl AL )
1 5 m 39698 - . 128 f . 1,6
1 6 not observed '

U ¢ mw - 35359 o121 ' ' 1.9
1 8 m 33232 SRR 1 1 .8
1 9 ms - 31134 - 118 1.7 " -0.5
1 10 s . 29065 ° 5 LR TP 3
1 & wa - 4 ZF0SH , sns - BAE T v 1.4
112 W 25018 5 1 R -1.5
1 13 vw 23042 . . 103 . s E
5 4. W 43312 133 - -3.2
2 5 W A1E09 ;3. 198 | 0.2
2 6 m 38917 126 -0.5
g 7 m 36763 122 0.5
2 8 w 34638 118 1.4
2 9 VW 32540 Fuo 2V 0.1
2 10 ms 30473 ' 5 ' 0.6




. -1 ‘ -1 o)
¢V et vgfen] ! Sppplem) e
gas-solid Vac~caxcula‘cea
TR S 28432 C118 f =50
2 12 s 26421 112 | -3.9
2 13 - ms 24442 © 108 -2.9
2 14 W 22493 104 |
2 15 wvw 20572 ‘ 5 ' -0.5
% 5 W 42480 127 L 0.8
3 6 w .40296 124 : 1.0
3 7 not observed 5 ' '
3 8 overlap with 0,6
3 9 overlap with. 0,7 L ,
3 10 \ " .31gB1.- ¢ . 118 SPEU. .
3 11  not observed . L Lp ,
3 12 - m 27802 108~ oy e 04
8 18 -8 - 25819 109 P wg
3 14 gE - - Z8BTL oy RO LY D6
3" 16 ¢ mw, 9ig51- ... U 100- | TV 7 1.0
3 16 W 20060 a4 « B
4 5 W | 43897 . 171800 % -1.8
4 6 notobserved " - ' o s
4 -7 m - 39490 SRS . 0.5
4 8 m LoBNse6 . T 18T L v 2.4
4 9 vvw 35269 C1lE T 2.0
4 10 w 33199 114 -0.4
4 11 m - 31162 . 110 0.9
& 12 m "oetkz . . i@ . - o st Y
4 13  not observed _ e
4 14 m . 25220 104 | 1.1
4 15 s 23300 101 0.5
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TABLE II (cont. )

vt v relative . Uvac(cm_l) 7matrix(cr51) M(CH?)
intensity 7 oas-solid Vv‘ac-caiculated

4 16 m 21408 99 0.5

4 17 VW 19546 - 56 &2

5 6 W 42966 126 -89

5 7 w 40813 121 1.9

5 8 not observed | .

) g mw 36589 - 117 0.4

5. 10 m 34521 114 -0.0

5 11 not observed

5 12 overlap with 2,10

5 18. - s 7' 28492 107 -1.6

5 14 ms - 26541 105 ~1.8.

5 15 vw 24821 - 101 -0.1

5 16 22730 98 i.8

5 17 20868 96 2.6

6 T not observed

6 8 m 39981 136 . P

6 9 m 37881 118 -1.3

6§ 10 not observed _ '

G 'i ms 337176 - 132 -0.4

6 12 ms 31766 110 -1.2

6 13 not observed , ;

16 -14 ms . 27835 . 105 -1, 5
& 15 s 25914 102 0.8
6 16 W 24024 98 1.6
6 17 'not observed '

g 18 VR 20323. 99 -2.0

a. The strongest band in each v" progression (constant v') is

called strong.




TABLE

2‘1 (&)
1A

Vegard-Kaplan System of N, in Solid Krypton

-1

¥ v "ac (cm ) matrix (Cm—l) = (Cm—l)1 +
gas-solid Vvac—calculmed
0 3 42621 230 -2 8
0 4 40385 222 0.1
0 5 38176 216 1.1
0 6 35996 209 % 1
o 7 33845 202 2.9
0 8 31720 198 0.5
0 9 29626 192 0.1
0 10 - 27563 185 1.5
0 11 ' 925525 182 -1, 3
5 I A 41812 228 ~1.8"
1 5 39600 224 -3.1
: 6 - not observed
1 7 ¥,
1 8 33147 204 ~1.8"
19 31052 200 -2.8
1 .10 28992 - 189 .. 1.6
111 26957 188 ¢ | 1.9
1 .18 o :
2 5 41005 225 0.2
2 6 38826 217 9.4
9 .7 36671 3. i1
2 8 ok
2 9 not observed .1
2 10 30388 198 -3.5
2 11 28356 189 -, 3
> 12 26348 185 - =01
9 13 24373 177 =0, 2
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TABLE IV (cont.)

1 v N : - LV (¢ g
v v Vac(cm : gg%g:)lﬁécm ; Vvaé—c(aﬁu%ated
2 14 22423 174 -2.3
3 5 42385 222 6.7
3 6 40203 217 9.7
3 7 " not observed ‘
3 8 overlap with O; 6
o 9 5,
3 10 overlap with 0, 8 |
8 1l not observed
3 12 223 187 -0.6
g 13 25750 178 3.4
3 14 23800 175 1.2
4 6 not observed ,

Sk -9 39391 221" -0.3"
4 8 37266 218 -2.6
4 9 " not cbserved |
4 10 33114 200 3.3
4 i1 31077 185 - g
& 12 29066 194 -3.4
4 .18 not observed '

4 14 - 25142 182 -2.5
4 15 23228 »173 2 2
4 16 21334 172 ~-2.3

15 6 42857 235 -4, 2
5 7 40710 224 0.6
5 8 not observed
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TABLE IV (cont.)

v yvac(cm ) Y natrix (60 l) ” e (Cm—l~.> ;
gas-solid vac ¢alculated

5 9 36485 211 1.8

9 10 *

< 11 - not observed

5 12 overlap with 2,10

5 13 28407 192 -3.5

5 14 not observed '

6 1 41697 - 231 -2. 8

6 8 398177 AL 0.1 .
16 9 37783 Wt I 1218 -0.6

6 10 not observed

6 11 33684 204 -0, 0

6 12 31678 . 198 0.1

6 13 not observed ', L :

6 14 27753 18 -0.0

6 5 25840 . 176 , &

6 16 23945 : t 0.2

. Observed but not accurately measured
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TABLE

Vegard-Kaplan System of N, in Solid Xenon

(O O = T = T S Sy Sy S Y

vl anc(cn;l) o (cm ) A (e )
a marix
gas-solid , Vvac—calculated
o 3 42529 | 322 2.0
o 4 40289 ‘ 318 S 1.4
0 5 38080 3 312 -, : -3.0
o 6 35005 300 - . -0.0
0 7 33759 . 288 -5 MR Y
o 8 31640 | - LBt
0 9 129548 SN M. BT e [ead Ngod
0 10 27486 s - 262 . -0.0
o 11 - 25457 . .. 250 . . 2,48
4 41717 | 328 L6
5 39509 ° 315
6 . not observed , .
7 SEAT8 o ;0 eco o BOF. L ¢ o, =88
8 33061~ .7 . 280 7.t -0.8
9 30971 R 5 TR TS S
10 96000 Y .7 ane - e B R, W L -1.0
11 26865 .- - 288 .5 00 . 5. 4
12 24872 - BEE T T A B
2 5 40902 L e BER T m T T a8
2 8 38726 e iy -1.0
% 7T 36577 308 -1.3
2 8 34455 ST B S -3.9
2 9 not observed ' o ‘
2 10 . 30307 P, 209 “ -1.0
2 11 28277 268 0.5
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TABLE V (cont. )

|
|
-

-1 ’ L1 =1
v Vvac(cm ) a;?sgfﬂts‘,;?(;m ) Vvaiiggﬁ:u)lated
T 26273 260 -1, 4
2 13 24301 249 -0.5
2 14 * .
3 5 42917 330 3.0
3 8 40093 327 -2.9
3~ « 7 not observed ;
3 8 - not observed
3. S ~overlap with 0,7
3 10 " overlap with 0,8 '
2 - 4 " not observed A
18 ~ 18 27646 264 2.7
3 13 25669 259 -1.4
3 14 23721 - 254~ -5.9
4 6 not obser\}ed
4 7 39293 - 319 ° 4.9
4 8 37170 314 ‘18
4 9 not observed ' :
4 10 * :
4 11 overlap with 1,9 :
4 12 28985 20 et 0.8
4 13 not cbserved :
4 14 25072 252 4,2
4 15 23157 . 244 3.4
5 40601 333 . 0.0
] S 8 not observed _
5 9 36390 316 =1, 4
5 10 34339 298 8.




TABLE V (cont. )

r v . Ay » ),
' ’ i o ) | gsé?-;roliécrﬂ ) yvg Sggcu).lated
5 43 not observed
g 12 overlap with 2,10 .
5 13 283826 ' 274 0.8
5 14 26380 . _ S 288 -0.6
6 8 39764 ' ’ 335 - -2.4
6 9 37678 ‘ 321 1.7
5§ 10 not observed. '
6 11 : 88571 311 -7.0
6 12 g '
6 i3 not observed.
6 14 overlap with 3,12
6 15 25750 . : 266 -1.2

o
Observed, but not’ accurately measured.
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TABLE VII

Vegard-Kaplan System of MNMN In Solid Argon

ot Lt Rt et

v ! '. | - (cmu) - ' Ay (Cm—l )
Vvac-calculated

o 4 40634 : - 1.4

0 5 38453 R et B

0 6 38305 ‘ 0.5

0 i 34182 . -0.6

0 8 32089 | 0.1

0 9 30024 _ 0.7

0 10 27989 . . - 8.2

0 11 25975 D s w8

6 not observed
T - not observed _

8. 33497 LSRR ' B

9 L _ 31431 i s |
0 . <. 7 - 20396 s 1.4
11 - T Q7885 - ot S <020

N & - 25405 B e s g8

2 wiB - C 0 88084 s Tl Pl 21,2

2 o . 36975 | LR 18

3. LB, oo 34871 (?) T e T S8

2 9 1" not observed '

g PR A v 30772 U 45
2 AR R~ - DA &
g 12 : ] 26786 R 0.0

2 13 , ' 24833 5 8.2,
|2 14 , 22904 -3.9

3 8 o overlap with 0, 6 |

3 9 - 34170 | 0.8




v Poaphltli. v (cxm )
Vvac-calculat d

3. 10 32129 5.9
3 15 not observed '
3 13 28141 -0.2
3 13 26150 -0.1
3 14, 24263 -1, 2
3 15 22365 | | N
4 8 37561 . - 2.2
4 9 . not observed . o
4 10 83460 - . .. ..p. .o oi=0,2
4 34 A S © M 8; 2
la 12 BT vp e 2.4
L4 13 not observed . .
4 14 25592 . . .5
4 15 23696 TR L3
4 16 21826 ' ol
5 8' not observed
5. 10 gaReT, | v ) e B8
5 11 " not observed . ’
5 | 1z overlap with 2,10 |
5 .13 28818 T Tt - T a0
5 14 26894 oo L o B, 8
'5 15 - not observed DTSR
8 AraB - e BEYEB i R AT g
|5 17 shk: - SRR CRE S S -
6 9 38072 i G 2.2
6 10 not observed | : :
| 6 11 34027 - -0.3
6 12 32047 . 0,8
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- "TABLE VII (cont. )

vac
13 - not observed
14 28163 =5.0
15 ' 2é270 -1.2
- *Observed,' but not é.ccuraiely measured.
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TABLE IX

14 1R o
Vegard-Kaplan System of N N in Solid Neon

e S G : ) . 9 &Egiiglated
vac
W'i
; 4 40662 &
. : 34482 .
3 o 36330 - -0.9
= 5 34208 o ik
o R 32117 | | Sk,
5 g 30046 - - -2.5
5 18 28012 s




TABLE X
Decay Times for the Vegard-Kaplan Bands in Solid Rare~Gases

Interpreted as an Exponential Decay

T (sec)
host % N, T(°K) |- v'=0 v'=1 v'=2 - v'=3 vi=4
Ne 0.6 1.7 2.8
1.0 4.2 5, 8
0.1 42 | -3.2
Ar 0.1 1.7 0. 42
1.0 4.2 0.35 0.31  0.24 o2t
0.5 | 4.2 0.38 0.34 0.28 |
0.1 4,2 | 0.38 0.38 0.41 0.35  0.27
0.8 8.0 | 0.87 |
0.2 | 80 | 0.4, - 0.38 0.3¢4 0.24
0.8 | 20 0. 39
XKr | 1.0 | 4.2 0.015- 0.014 0.013
Xe 1.0 4.2 |<0.005
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TABLE XI

i

5 s . : St o .
Calculated Perturbed Lifetimes for the A Z’u State of N, in the

Heavy Rare Gases
Ar Kr Xe
2, 3.0 3.7 6.1
(em ) ~664 2460 4304
7y (cm ) 94341 82513 7:1095
-1 ’
Clem ) .25 25 25
E 8.44x107°  5.52x10°  1.73x16°
T'(sec) 1.54 0.024 0. 0008
-1
Clcm ) 49 32
g 3.24x10° - 8.84x16°
0. 40 . 0.015

T'(sec)




TABLE XII

Second Positive System of N, in Solid Neon

' -1 -1 & -1 E
v" intensity Y, (em) &Y .. (em) ) @Sg{g()l}lln,” -
solid-gas yac coreRiated |
0 0 s 29751 - - 16 o2 |
0o 1 ms 28042 72 | -0.7
o 2 m 26364 71 -0.0
0 3 W 24716 {1 1.3
0 4 vvw 23094 67 ©-0.8
10 w 31745 75 — 0.1
1 1 not observed S
i B W 28359 ¢ T 0.9
13 w 28709 68, 0.2
1 4 vw - 25088 66 . . . .=0.8
1 5 VW 23498 65 . -0.3
0 v 33687 B e e (AP
1 wooo 31977 . L . v . =0,5
2 . not observed " '
2 3 notobserved 7
2 4 vw 27029 85 -
2 5 woo 35440 66 1.0
2 6 vww . 33878 64 1

4Gas values taken from Ref. 16,

bThis band was not included in the analysis for the vibrational

constants,



TABLE XII
Molecular Constants of N, from the Second

Positive System in Solid Neon

.- ¢ a "
State {em ' ) . gas Ne
Voo - 29675 29751
cn . w7 2047.09 2047.5 20.9-
: u . e : : g
@ % | 28.448 26.70+0. 5
Bazzg e w, .. 1735.42  1737.5 £0.4
W i 15,198 . 14. 69 0. 07
ee : ! s

2Ref. 16
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Fig. 1 Microphotometer tracings of part of the Vegard-Kaplan

system of N, at various concentrations in solid Ar, The v/, v*

'assig‘nments are given below the tracings. "Q,' designates part of the

Herzberg system of Q,. T = 4,2°K.



73

w
1.5 % / \ \ i \
i | !
M‘"“*’"‘“‘ﬂ\«j \&'\W‘W\ el W \\“'Wwwmm“ww’mﬂw\q/ enpm el

. |

O77%
W‘*,fr‘ww}, “““MWW\J \"\“wxwvwwwj
| &
. f\l o d
- F/\ w |
/ ’
et/ g o WMHW ; wwww
0.04 %

‘l
? \
I
' A
A, '
Mwww-w.w“mmj et e

Y ) -
mm\{\m'\v'ﬂ"aﬂwwmﬁ.“w) "\'H

A
W\MMJU \Mﬁw &w«w -

0,8

I.IO
2.l

4,12
5.13

312

6,14



Fig. 2, Microphotometer tracings of part of the Vegard-
Kanlan system of 1% N, in solid rare-gases. The v’ v”.assign-
ments are given below the tracings. "'2+'" designates the second

positive group of N,. T = 4.2°K.
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Fig. <. Microphotometer tracings of part of the Vegard-
Kaplan system of N, at various concentrations of solid Kr. The

4

v/, v” assignments are given below the tracings., T =4.2°K.
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Fig. 4. Microphotometer tracings of part of the Vegard-Kaplan
system of 0. 2% N, in solid Ar at various temperatures. (a) not

annealed; (b) annealed at 30°K, The v/, v” assignments are given

below the tracings.
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Fig. 5. Microphotometer tracings of part of the Vegard-Kaplan
system of 0.2% N, in solid Kr at 9°K and 32°K, The v/, v” assign-

mer:s are given below the tracings.
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8. Decay of the a~-group for 0.1% N, in solid Ar (a) and

(b}, T=4,2"K.
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Fig. 1. Representative decay curves of the Vegard-Kaplan

bands for 0.1% N, in solid Ar. T =4.2°K.
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Decay of the Vegard-Kaplan 0,7 band for 0.1% N, in

T =4, 2°K.
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Fig, 8. Microphotometer tracings of part of the second positive
(2+) system of N, in solid Ne. (a) 1.0% N,; (b) 0.1% N,. T =4.2°K.

The v/, v” assignments are given below the tracings.
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Figure 10. Potential energy curves for known states of N, below
12 ¢V, taken from Ref. 34. The right hand scale corresponds to the

‘ b S
X Z state.
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KINETICS FOR A MODEL SYSTEM UNDERGOING VIBRATIONAL
RELAXATION IN AN ELECTRONICALLY EXCITED STATE.

We now consider the kinetics for the relaxation of a system
of diatomic oscillators prepared initially in a nonequilibrium vibra-
tional distribution. The analysis given here closely resembles that
of Montroll and Shuler. 1 The diatomic.molecules are present as
guests in a solid rare-gas crystal which acts as a heat bath. The
states of the guest molecule which we are interested in are A and X,
the excited and ground electronic states, with vibrational levels v'
and v'' respectively. The system of oscillators consists of the
molecules in the v' levels of the A state prepared by electronic
excitation of the diatomic molecule.

The concentration of diatomic guest molecules is assumed to
be sufficiently small that energy exchange takes place only between
guest and host molecules, that is the relaxation processes in the
vibrational manifold of the A state are first order with respect to
the concentrations. This is apparently the experimental situation for
less than about 0. 2% by volume guest for the .system N, in solid Ar.

The rate of change in the population of the level v' = i may be

written

e 1

l<i {>i

N,o= Ky —hNy v Zqu N = 2 quN, (1)
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where Ni is the population of the level v' = iy gij is the rate constant
for vibrational relaxation between levels v' =i and v' = j >}), and ki
is the rate constant for all other mechanisms of depopulating the level i.
Thus, for example, ki includes the rate of spontaneous emission A — X
and the rate of the electronic radiationless transition A~>X from the
ith vibrational level of the A state to the vibrational levels v'" of the
ground electronic state X. The vibrational relaxation rate 8;; may
similarly be made up of radiative and nonradiative parts. Ki is the
rate, assumed small, at which oscillators are produced by external
pumping into the ith vibrational level of the A state. For example, if
the A state were excited by the absofption of light, Ki would depend
on such factors as the diatomic concentration, the intensity of the
radiation at frequency Py and the oscillator strength fi. In writing
Eq. (1) we have assumed the temperature to be sufficiently low that
the Boltzmann eqﬁilibrium population of v > 0 is negligible and that
the probability of the diatomic absorbing phonons from the surrounding
lattice, thereby undergoing "up transitions' from lower vibration
levels to v' = i and from v' = i to higher vibrational levels is much
less than the rate of vibrational relaxation.

To proceed further we must have some knowledge of the
transition probabilities. We will assume that the potential function
for the A electronic state is harmonic. Since we are primarily inter-
ested in low v', this is a relatively good approximation to the actual
potential function. Thus, a diatomic molecule vibrating in the
potential function of the A state must obey the rather strict selection

rules for transitions between levels of a simple harmonic oscillator.



For the radiative transitions of a harmonic oscillator, the selection

rules and transition probabilities are well known to be given by

94y =0 j# ix (2a)

Fim = . Jw 20

If the perturbation which induces the radiationless transition be-
tween vibrational levels is linear in the normal coordinate of the
diatomic oscillator and sufficiently small for a first order perturba-
tion calculation, then the matrix elements for reléxation are identical,
except for a constant factor, with those for radiative transitions of a
harmonic oscillator. 4 Thus, the selection rule Av = = 1 and the rela-
tionship among the transition probabilities given in Eqgs. (2) will hold
for radiationless as well as radiative transitions. Even if the
diatomic vibrated in an anharmonic potential, the squared matrix
elements 2 and, therefore, the transition probabilities would still be
very nearly proportional to the upper state quantum number for a
perturbation linear in the oscillator coordinate.

This linearization of the intermolecular potential assumes a

o

nearly adiabatic interaction, °4 8 , the amplitude of the oscillator

vibration is small compared with the effective range of the intermolecular

force field. This approximation becomes increasingly inaccurate



96

as the amplitude increases in the higher vibrational levels. Thus,
we do not expect Egs. (2) to be generally true for radiationless
transitions, but a possible starting point for comparison with
‘experiment.

However, the selection rule Ay = +1 probably holds, or at
least dominates, independent of the form of the coupling. Calculations4
show that in low energy collisions of a particle with a harmonic
oscillator one quantum transfers have the greatest probability. In
a solid, as compared to a gas, transitions with Av > 1 probably have
relatively lower probabilities since higherr multiphonon processes
are required.

' Assuming only nearest neighbor transitions and limiting the

discussion to the lowest (a + 1) vibrational levels of the A state

(V'max = @), Eq. (1) may be written

Ni.: Ki = (ag+ bL,R)NL @ a'a.-nchL-t\ | (3)
where

b‘»: &L/ng = k;/k Lz 0,00y O

o, = 3'&'\.';\/‘3m = %"/‘3 v=1,2,00, 4

G.-,, = D L=D> [ )

The constants a;, bi represent the relative change with vibrational

level of the ratios (gi/g), (k;/k). In general both of these are dependent
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on the vibrational level i. For example, if ki is the rate of spontaneous
emission,then bi depends on the variation of the electronic transition
dipole moment with internuclear distance for the A — X band system.
Note that I\'Ti for i = 0, & contain fewer terms, since we have assumed
aozaj=0forj>a.

Eq. (3) can be put into a more compact form by letting

/BL = (o.,.» + o, k/c}3 | (4)

whence

W = \‘(h '%ﬁLNL +QL*\%NLH (5)

The set of (o + 1) differential difference equations Eq. (5) governs the
kinetics of the model system. We proceed to obtain first the steady

state solutions and then find the general solution with- the steady state

populations as initial conditions.

teady State Solution
At steady state, the 'level populations are at equilibrium and

. 0
Ni = 0. By iteration the steady state populations N; are easily found.



K / - \ (O'L‘-»?—) 8
= (%:/98) * (48, Zgwl = (6)

For i = @, the second term on the right hand side of Eq. (6) is not present.
The real experimental system generally falls into one of three
possible limits of Eq. (6). If the rate of spontaneous emission is much

less than the rate of vibrational relaxation, k «< g, then

(KL/%O'L3 e (‘j“-a.)—‘ % K"*} VEO (7a)
y=1

N = () ¢ KX K (Tb)

Thus, only the zeroth vibrational level of the A state is significantly
populated and emission of the A —X band system should consist of a
single v'" progression with v' = 0. This is the usual case for poly-
atomics in solids and for some diatomiecs. This is definitely not the
case for N, in solid rare=-gases.

On the other hand if k> g, then

.t )

N (Re) ¢ R T, (2 TT(22)

Ju ] L=\ . (8)

= Kl/bﬂa

and most of the observed A — X band system is resonance emission.
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Therefore, the intensities of different v progressions reflect the
different pumping rates Ki and the bi'

For the most interesting case of k ® g, Eq. (6) reduces to

Ch=i -l

Ni=m + g (e ?_:TKLUT( =) (9)
and, thus, emission occurs from all energetically available vibrational
levels of the excited electronic state.

A further simplification of Eq. (6) results if the vibrational
manifold of A is populated by external pumping only at the level v = o
This would be the case, for example, if the A state were excited by
absorption of monochromatic light of frequency Vor g1t = Voq. - For this
limit where only Ka is non zero, Eq. (6) simplifies and only the last

term of the sum remains.

i

N = (98] K, T (=) (10)

ga1 “Piss

This condition can generally be chosen by the experimenter or often
results from the requirement of conservation of energy during an
excitation energy transfer to the A state. Moreover, bik, which in
most cases equals the rate of spontaneous emission, can be determined

from lifetime measurements., If thellifetime of A is independent of

vibrational level, then of course by = 1. By measuring the relative
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populations

1]

—

Nee = (B8 ) T (P, ) | (11)

° £

it

|

a~equations are obtained in the c-unknowns g5 i.e., gandthe & for
i=2,3,...,0 Thus, the relative steady state populations of the (o + 1)-
vibrational levels in the A state determine in principle the vibrational
relaxation rate and its change with vibrational level if the bik are
known. .

The applicability of the model can be experimentally checked
by varying the initial level excited. Thus, by exciting into say v' =1
and determining N:/ Noo , g is obtained. By next exciting into v' = 2
and measuring relative populations N: 5 Nf , and Noo, g, and g, are
obtained. This can obviously be extended, at least in principle, in-
definitely. If the‘ rates so calculated do not agree, multiquantum jumps
.‘ are strongly implied. The model can in fact be eésily‘extended to
include Av = 2 transitions‘ and the results show that the rates for these
double quantum jumps can be obtained if the populations are experimentally
determined for the levels removed by Av = 2 from the level excited. A
system wherein this may be possible is suggested in Part IV of this‘

thesis.

If as suggested earlier a, =i, Eq. (11) becomes

Nf/NZ s -‘T']:f' (£+ 524&/9) - 8y
Y
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These equations have a total of (& + 2)-unknowns. If the bik are again
assumed known, the rate constant g is lovérdetermined from only a few

steady state populations.

General Solution

We now proceed to determine the time behavior of the system of
oscillators which is prepared initially in the vibrational distribution

set up by the steady state conditions. The equations to be solved are

-N. =38 N | | =
N, T BN —ay, g N, 120, (=) (13b)

These equations are identical to Eq. (5) except that the pumping rate

Ki is set equal to zero. This assumes no pumping of the A state after
the primary excitation is shut off. Thus, for example, atom recombin-
ation and cascading from higher electronic states are neglected. If these
processes occur either much faster or much slower than either k or g,
they do not appreciably distort the analysis. These are- linear differ-

ential equations of the first order whose general solutions are

N, = Cu epl-gpat) (14a)

1]

i
i

. = Cyexp(apit) « exr(-aﬁﬁ)je*?(%ﬁ;f) (14b)

* 'O‘LH 9 NL-H “{t
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Substitution of Eq. (14a) into Eq. (14b) yields a solution for Ny 1

The general solution can then be obtained by iteratioﬁ for Na—j g

N;, &) =C, exp (-3{5;.*) B Tfﬂ . C‘L'H k) ("ﬁ?)LHi’.)

Spei
T e + f_‘:;’_‘it_‘f_";:_i}i‘ Cq EX? (-%?at) (159.)
PSR
where
w R : '
é.[ = ?“‘2 - Ba-*f;rm = (k/%‘) (bctol‘\)a«ﬁf-m) (16)

¥ (aa-ﬂ T Qyp frn)'

The solution Eq. (15) does not apply if—'yfn = 0, which only occurs, except
for an accidental cancellation of the terms in Eq. (16), if a, = bi = 1,
This condition is not expected to occur in practice.

The general solution Eq. (15) may be written in a more compact
form by treating the populationsr Ni(f) as a colufnn vector. In matrix

notation Eq. (15) reads

N =D Cw - (15b)

The matrix D is triangular with elements



103

DLL-_- ‘ (17a)
LLV 1..\.‘_ ¢!
Di’b - (}‘;‘ a&+2 é—-“ a-jﬁ-ﬁ. 371 (17b) i
OL' =0 A& b
3 ) | (17c)

C(t) is a column vector whose elements are the timé independent co-
efficients Ci times the factor exp(-gﬁit). The constants Ci are |
obtained from the initial conditions at time t = 0, i. e., the steady
state population N; determined earlier. Substituting Eq. (6) into

Eq. (15)fort="0,

c=0" N | (19)

The problem is now formally solved. Eq. (15) describes the
approach to thermal equilibrium for the system of oscillators having
an initial vibrational distribution in the A electronic state prescribed
by Eq. ( 6). We note that ast — e, N, —0. Thus, all of the guest
diatomic molecules are in the ground electronirc state, as reQuired
for Boltzmann equilibrium at the low temperatures under consideration.

For intermediate times the populations ‘Ni(t) approach their thermal
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equilibrium values by a sum of first order decays. Thus, unless one
term of the sum dominates, the observed decay of the population Ni(t)
will not follow an exponential law. This will be the case for short times if

vibrational relaxation is taking place.

Comparison with Experiment

It is not possible to directly apply the kinetic model to the VK
system in solid rare-gases. The reasons for this are obvious from
earlier discussion and will only be sketched here. With X-ray excitation,
the pumping mechanism for populating the vibrational levels of A is
not known. Thus, the vibrational relaxation rate can not be evaluated from
the steady state spectrum. Even if the excitation mechanism were known,
the relative populations in the A state are not well known. These in
principle can be calculatéd from the experimental band intensities if
Fran‘ck—Condon factors and the variations of the electronic transition
moment were known for the VK system in the solid rare-gas hosts.

Even allowing certain approximations for the above quantities, the
experimental band intensities were not accurately obtained.

A major difficulty is how to treat the observed fine structure, which is
not completely resolved from the main line. For example, as discussed
earlier (cf. p. ) th_é red components in solid Ar are usually more
intense than the main line for the v' = 0 progression, whereas the opposite
is true for progressions with v' > 0. However, even in the latter case, the

intensity in the red components is a large fraction of the total band
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intensity. If the red components are due to molecules in defect sites,
then the intensity in these features should be neglected.

The following very approximate approach was taken. Band
iﬁtensities were obtained by photographic photometry neglecting entirely
the red components. Peak height rather than integrated area was
used. Relative populations were then estimated in a standard manner o
using gas phase Rydberg-Klein-Ress Franck-Condon factors 6 and
assuming a constant transition moment.

Although the results show considerable scatter, they indicate that
for low concentrations of N, in Ar the relative populations in the A state
increase with vibrational level, v' = 2 to 6 being roughly a factor of
2-4 more populated than v' = 0. However, if the red components are
included, then the maximum population shifts strongly towards v' = 0.

No actual determinations were made in this latter case.

Clearly many different sets of the variables in the kinetic equations
will yield .the population distribution. However, a large number of
these produce highly nonexponential decays. Thus, if lower vibrational
levels of the A state are pumped entirely relaxation from higher v',
very nonexponential decays result. Numerical calculations show that
this "amount of nonexponentiality' would have been immediately obvious
in the experimental decay curves.

Assuming the correctness of the model, the following conclusions
are imposed by comparing numerical calculations with the experimental
population distribution and the observed '"exponential decay.' Lower
vibrational levels of A are populated by unknown mechanisms other

than one quantum vibrational relaxation. If we assume that the vibra-
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tional relaxation rate depends linearly on the upper level quantum number

(ai = i) and that the electronic radiative rate is independent of vibra-

tional level (bi = 1), then the radiative rate k is at least three times as large
as the vibrational relaxation rate g. The lower limit to the ratio

k/g increases as the population distribution favors higher v'. On the

other hand, if the steady state populations strongly favor low v', the

decays become more nearly exponential and the lower limit for k/g

is decreased.



107

References

E. W. Montroll and K. E. Shuler, J. Chem. Phys. 26, 454 (1857).

J. F. Clarke and M. McChesney, The Dynamics of Real Gases

(Butterworths and Co., London, 1964), pp. 296-306.

N. W. Bazley, E.W. Montroll, R.J.Rubin and X. E. Shuler, J. Chem.
Phys. 28, 700 (1958).

D. Secrest and B. R. Johnson, J. Chem. Phys. 45, 4556 (1966).

See, for example, R. W, Nicholls and A. T. Stewart, Atomic and

Molecular Physics, ed. D. R. Bates (Academic Press, New York,

1962), Ch. 2.
W. Benesch, J. T. Vanderslice, S.G. Tilford, and P. G. Wilkinson,
Astrophys. J. 143, 236 (1966).



108

THE EMISSION SPECTRA OF O AND CO IN SOLID RARE GAS
MATRICES

The results discussed in earlier sections demonstrate that
vibrational relaxation of diatomics in solid matrices can be quite slow
This was evidence by the appearance of bands with v' > 0 in the
diatomic emission spectrum. The Vegard-Kaplan bands of N, were
particularly significant in this respect since the system is spin-
forbidden and, therefore, has a very long radiative lifetime. Thus,
the observation of v' > 0 emphasizes the slow vibrational relaxation.
It was hoped that the results obtained with N, could be extended to
other forbidden band systems. The two first row diatomics CO and
O, were chosen since both have well known forbidden transitions
connecting their lowest excited triplet state with the ground state:
viz., the Cameron bands of CO, all—X 'E+, and the Herzberg bands
" of Q, ASZ):; — XSE;. The Cameron bands are spin-forbidden, whereas
the Herzberg bands are forbidden since 7 states cannot combine with
%~ states. The results to be described are highly preliminary and

incomplete, but will serve as a guide for future work.

Experimental conditions were generally the same as previously described.
CO or O, concentration of 0.2-1.0% were chosen, employing the con-
tinuous flow technique. The guest emission spectrum was excited
by X-irradiation of the solid guest plus rare-gas mixture. Some
preliminary spectra were taken on a Bausch and Lomb medium
quartz spectrograph, but all measurements reported herein were
from plates taken with the Jarrell-Ash 0. 75 meter grating spectrograph.
The latter was used in second, third and fourth orders. The first

order plate factor was roughly 40 A/mm.
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1. The Herzberg bands of O,

The Herzberg bands of O, have been previously observed in
solid Ar, Kr and Xe hosts by Schoen and Broida, - who used electron
bombardment of the solid to excite the diatomic emission spectrum.
v'> 0 were seen only in the Xe host where emission from v' = 1 is
reported. The Herzberg bands were not seen in solid Ne. Instead
the Second Negative system of 02+ was observed. In addition a strong
line of 7943 A was assigned in the Ne host to the 0, 0 band of the
Alzg - sté transition of O,. The B group, attributed to the
1S - 'D transition of the O-atom, was seen in all four rare-gases.
Our results in the main part agree with the observations of Schoen
and Broida (SB). ~ There are, however, certain diiferences which will
be discussed.

The spectral region covered herein for the molecular bands is
that encompassed by Kodak 103a-0 plates, i.e., A = 5000A. The
appropriate plates were also taken for slightly longer wavelengths,
but the exposures were such that only rather intense features were
photographed. Thus, we also saw the 8 group in all four rare-gases.
The frequency of this feature in O, doped rare-gas solids is the same
as that reported earlier in Part II of this thesis for N, doped solids.
Its intensity is, however, usually greater when O, is intentionally
added. The frequencies for the B group in all four rare-gases agree
well with those reported by SB.

Our measuremer;ts of the Herzberg system of O, are given in
Table I. The v', v' assignments are based on the work of SB. In
Ar and Kr the bands are relatively sharp (~ 30 cm‘l) and red shaded.

However, in Xe the bands are more diffuse and appear superimposed
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on a broad structured continuum. The intensity maxima in the
continuum have the frequencies given in Table II. We were not able
to photograph any molecular emission from an O, doped Ne solid.
When X-rays first impinged on the Ne solid, it glowed blue. The
afterglow was similar at short times and then turned deep red at
longer times. After approxifnately 15 mins of X~irradiation, the
glow from the sample was a whitish-yellow and no afterglow lasting
longer than ~0.1 sec was visually observed. The deep red afterglow
seen initially may well be due to the forbidden atmosphere bands of
O, which SB assigned in solid Ne. The yellow'élow was identified as
the B group. This experiment was repeated twice-with identical
results.

The measurements: of the Herzberg system reported in Table I
are generally slightly to the red (0-37 cm-l)_ of those reported by
SB. This difference may well be less than the combined experimental
errors. However, it appears somewhat systematic in that the
difference either increases (Ar) or decreases (Kr and Xe) with in-
creasing v''. SB do not report frequencies for the six members of the
vi=1 progréssion which they assigned in solid Xe. However, their
published spectrum confirms six bands roughly midway between ad-
jacent members of the v' = 0 progression as expected. We observed
the two strong members of this progression which fall in the spectral
range covered here.

The vibrational constants of the X Szé state of O, in Ar and Kr

were calculated from the data given in Table I with the results
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Table I. Herzberg bands of O, in solid rare-gases.
Ar Kr Xe
v" vi=0 vi=0 v =0 ' =1
(cm™) (cm™) (em™)  (em )
3 29443 VW
4 28041 W 27968 mw
5 26590 w 26511 m 26674 w
6 25152 25079 S 25130 m
7 23739 ms 23670 vs 23710 m
8 22351 ms 22283 Vs * 23104 w
9 20979 m 20918 s * 21678 mw
10 *

observed, but not accurately measured.

Table II.

Unassigned bands observed from 1% O, in solid Xe.

v(em™) intensity
26155 ‘m
25547 W
2496\3 VW
- 24546 mw
23935 VW
23452 VVW
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shown in Table III. The data for Xe are too incomplete to allow such
an analysis. The calculated constants are in relatively good agree-
ment with both the gas values and those reported earlier by SB.
However, our calculated 0, 0 frequency shows a progressive red shift,
whereas SB report the 0,0 for Kr at higher energy than for Ar. An
unusual feature of this system is the very large red shift observed in
solid Ar and Kr. This amounts to about 1000 cm and is the largest
observed for any first-row diatomic. 2 Typically these shifts are
=300 em .

If Morse Franck-Condon factors 2 calculated for the free
molecule are applicable to the solid spectfum, the most intense
transitions from v' = 1 should terminate inv'" = 5,6,7 and 8. The
Franck-Condon maximum of the v' = 0 progression should similarly
occur between v''= 8 and v'"' = 10. The intensity maximum in Ar, Kr,
and Xe for the v' = 0 progression occurs at v'' ® 8 in good agreement with
the simple theoretical prediction. However, the v' = 1 progression is
not seen until v'" = 8. Our estimate of the intensity maximum from
SB's published spectrum is v''= 9. Moreover, an apparent intensity
anomoly occurs even in the v' = 0 progression for solid Xe at 0, 9. 1
This band is much weaker than expected, while 0, 10 has what seems to
be the correct relative intensity.

In summary no v' > 0 are seen for the Herzberg bands in Ar or
Kr solids. In Xe the observations suggest emission from v' = 1, but
they are not totally convincing. The results appear very similar to
that obtained for 824 in that emission from v' > 0 occurs only in Xe.

For the Herzberg bands this could be due to a competition between the

radiative lifetime, which would be shortened in the Xe matrix,
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Table III. Vibrational constants of O, in solid rare-gases.

are in em™,

All entries

State GaLsa Ar Kr
Voo 35000 34075+15 340104
&3t w, 802. 8
w X, 14, 64
XSZ))C; we -1580. 4 1561.4+5 1567.3+1.3
wexe 12,07 10.63+0. 4 11.26+0.1
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and a nearly constant vibrational relaxation time. This cannot be the
explanation for S, since the band system observed is allowed.
2. The Cameron bands of CO

No emission from CO has been previously assigned in a solid
matrix. 5 We find relatively strong emission from ~1% CO in Ar while
irradiating with X-rays. However, the spectrum is somewhat compli-
cated and has only been partially analyzed. New features appear in
the spectrum and grow in intensity as the length of time X-rays have
impinged on the sample lengthens. |

Initially the spectrum consists primarily of two well separated
band systems, one of which is the Herzberg system of O,. This
presumably results from O, impurity in the commercial CO, since
an air leak would havé also shown the typically stronger Vegard-Kaplan
bands of N,. These were sometimes seen, but always much weaker than
the Herzbérg O, system. | The other, much stronger, system consists
of five very broad bands with a relatively sharp blue edge. The width
of these bands at half intensity is roughly 500» cmﬁl. They are tentatively
assigned to the Cameron system of .CO. The positions of the bands
are shown in Table IV and are compared with the gas frequencies for
the Cameron system. Measurements were made at the intensity
maximum as determined from densitométer tfacings. The spectral
region to the blue of the highest energy band reported in Table IV was
not searched.

If these are the Cameron bands, a red shift in the O, 0 of
(764 + 50) cm—lfoccurs in solid Ar. If the blue edge is measured, the

-l
shift is reduced to ~600 cm . This is a relatively large matrix shift,
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Table IV. Cameron bands of CO in solid Ar. All entries are in cm '

gas Ar

A L y AG y P AG
0 0 48474 ' 47710

2144 2163
0 1 46330 . 45517

2116 2133
0 2 44214 43384

2089 2062
0 3 42125 41322

2063 1982
0 4 40062 38340

2G. Herzberg , Molecular Spectra and Molecular Structure I
Spectra of Diatomic Molecular (D. Van Nostrand Co., Inc.,
New York, 1950), p. 520

bmeastu'ement error + 20 cm™®
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but similar size shifts have been previously observed (vide supra).
More unusual is the excessive width of the bands. Leroi, Ewing and
Pimen’cel6 have investigated the infrared spectrum of CO in solid Ar
and note that the spectrum is extremely dependent upon a variety of
experimental conditions. In particular, their results show that a
considerable clustering of CO occurs in a deposited sample. This
agrees with the more recent work | on the equilibrium phase diagram
of Ar-CO. These aggregates would be expected to produce diffuse
bands. However, Leroi, et al.observe the aggregate ground state
fundamental to be red shifted irom the.gas by 5 crn-l to the value
observed in the pure solid, whereas the monomer is blue shifted by
the same amount. Our results seem to indicate a rather large blue
shift and increased anharmonicity (cf. Table IV).

An alternate explanation of both the large red shift and the
excessive line width involves the recently determined8 large change
in dipole moment resulting from excitation of CO to the a i state.
The ground state moment9 is onlfy 0.112 D. This small value in the
ground state is attributed to a balancing of the polarity of the C-O
bond by the "'lone pair'" of electrons on the carbon atom. In the
excited state the dipole moment increases to 1.38 D8, since qualitatively
one of these lone pair electrons is excited into a m-orbital. Therefore,

‘the excited state energy is reduced more than that of the ground state
by dipole-induced dipole interactions with the surrounding polarizable
medium. A net overall red shift above that usually present for small
guests from dispersion interactions results. Applying the Franck-

Condon principle to the entire system of guest plus host, the excessive
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line width can then be explained. In the relatively long lived a 11 state,
the system has a chance to adjust to its minimum energy position
before emission occurs. Not only might this cause a further red shift,
but, and more importantly, rather broad bands would result. If we
assume that the CO occupies a substitutional site in the Ar lattice and
make the point dipole approximation, the shift due to dipole~induced

dipole interactions is given by ko

AE - 1445 (- u) /1®
he
“24 3. . _ 11 o
where ¢ =1.63 X 10 cm" is the polarizability of Ar, " " r = 3.76 A is

the nearest neighbor distance in solid Ar 12

and u is the CO dipole
moment in the excited (') and ground (') electronic states. This leads
to an additional red shift of about 80 cmﬂl, which still leaves a rather
large shift. However, the point dipole approximation is probably not
applicable at these intermolecular distances.

A disturbing feature of even the assignment is the fact that the
0, 0 band of the Cameron system for solid CO, observed in absorption
by Hexter, 13 is red shifted from the gas by only ~ 74 cm_la It is
clear that more experimental work, aimed primarily towards reducing
the linewidth of the observed bands and confirming the assignment, is
necessary. The only experimental condition varied here was the CO
concentration from 1.0to 0.2%. No changes were observed in the

features ascribed to the Cameron system. In particular no v' >0 are seen.

Besides the features described above, new spectral lines appear
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and grow in intensity with X-irradiation. These features are grouped
in Table V. Those lines whose intensity grows in are noted. For

the weak lines, it could not be determined if the relative intensity
changed with Xdrradiaﬁon time. The group of lines at around

33800 cm is assigned to the 1S ='p transition of the O-atom, which
occurs ke at 33700 cm-'1 in the free atom. The B-group is seen in
these solids, supporting' the presence of lS O-atoms. Thé relative
intensities of the 1S —>1D and 1S —~’P emission features are'roughly
equal in solid Ar, whereas the free atom transition probabilities =
predict ls —>1D to be about 20 times more intense than 1S ~°P. This
could be due to an increased 1S o' P transition probability resulting
from mixing with the Ar states, which have large spin-orbit coupling.
However, these arguments depend on the assignment of the B-group

- which is still not certain. 1 Moreover, in other systems where the
B-group is observed, the features at 33800 cm"1 are not seen. We did
not, for example, see them in an G, doped Ar solid. This may have
been only an intensity effect since relatively weak exposures were
‘ta,ken. Assignments are not conj ectured for the remaining lines in
Table V. It appears that CO is not the carrier of these bands, but
that they belbng to some product or products formed in the solid.

Jacox, et al. = have, for example, shown that in Ar matrices C-atoms

react with CO to form CCO.
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Table V. Unassigned bands observed from 1% CO in solid Ar

L - X_-raya relative AV assignment
Comr ) time intensity (em-1)
33908 -+ m 30
33839 ¥ s 50 O S-"p ?
33733 + S 50
25939 + S 25
24354 + m 25
22786 Vg w 25
22723 i W 25
215%71 7 A 25 .
a

+ indicates that the features grow in intensity with the length

of X~irradiation time.
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The A Z" - X Hi system oi OH and OD has been studied
in solid Ne at 4. 2°K. Both absorption and emission spectra
have been recorded, the latter for the first time in a solid
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matrix. Emission is seen from v' > 0, establishing a relativ

O

slow vibrational relaxation rate in the'ﬁf‘E’+ state for OH and
in solid Ne. Considerable fine structure is seen that differs for
the two isotopes and is not a mirror image in absorption and
emission. This structure bears no resemblance to the structure
previously observed for OX and OD in the other rare gases. The
. observed structure can be partly interpreted in terms of slightly
perturbed rotational moticn in the solid. The larger pertrubation

for OH compared with OD suggests that translation-rotation

~6
than = 10 sec have been established from the lack of "'hot-band"

structure in the emission spectrum.
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1. INTRODUCTION

Many small molecules have been shown to undergo nearly free
rotation when trapped in solid rare gas hosts. These include CH,,

1,0, 2 HCl, ° NH,, ¢ Ng,°

and NI. & Most of these investigations of
rotational motion in solids have employed infrared spectroscopy.
However, the latter two molecules, viz. NH, and NH, have shown
rotational structure in their electronic spectra. In the case of NH
in solid Ar,McCarty and Robinson6 have observed four lines of the
A%l -X®%" transition in absorption and four lines in resonance fluo-
rescence, assigning all eight lines to individual rotational transitions
with nearly constant solid shifts. By analogy to NH , it may be antic-
ipated that OH and CH should also show considerable rotational free-
dom in solid rare gases. However, the evidence to date has not
.completely confirmed this expectation. Keyser7 has studied CH in
solid Ar and partly explained fine structure observed in both emis-
sion and absorption to rotation. Robinson and McCartyB have
assigned the 0,0 band of the A>™ — X"II, system of OH and OD in
solid Ar and Kr. Although fine structure is observed, it could not
.be consistently assigned to rotational motion. More recently Wei9
has reaffirmed the results of Robinson and McCarty and, in addition,
investigated the A — X system of OH and OD in solid Xe. For the
three hosts Ar, Kr and Xe the fine structufe is very similar. How-
ever, the structure is also only slightly dependent on whether the

guest is OH or OD. This implies that,if the fine structure is due to

rotation, the rotational motion is strongly perturbed.
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We have studied the A-X system of OH and OD in solid Ne at

4, 2°K. Both absorption and emission spectra have been recorded. This
is the first time that the emission spectrum of OH or OD have been ob-
served in a solid matrix. The fine structure of these molecules in solid
Ne bears no resemblance to that in the other rare gases. The present

results can be partly interpreted in terms of rotation in the solid.

2. EXPERIMENTAL

The molecular fragment CH in solid Ne was prepared by X-
irradiation of H,O~-Ne solid mixtures. The solid was formed by
deposition of the gaseous mixture on a sapphire window maintained at
4.2°K by direct contact with liquid helium. After deposition the
sample-.Was radiated with 50 kV X-rays from a tungsten target at a
tube current load of 45 ma. The intensity of the feaftures assigned to
CH did not change appreciably with the length of time of irradiation
after about 30 minutes.

The gaseous mixture was prepared during deposition by flowing
the rare-gas from a tank through a capillary leak and over a cold
- trap containing water at a reduced temperature. Water concentra-
tions between 0. 1 and 1. 0% were typically used. The H,O employed
was triply distilled. The D,C was obtained from General Dynamics
Corporation with a specified purity of 89.7%. The rare-gases wer
Linde MSC grade and were used without further purjification.

| The spectra were taken with a Jarrell-Ash 0. 75 meter grating
spectrograph. In the neighborhood of 0,0 band of OX at 312 5A the
linear dispersion was roughly 14A/mm. A high pressure Xe lamp

was used as a source for the absorption studies. The emission
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spectra of the solids were excited using X-irradiation. IExposure
‘times for the latter ranged from approximately 15 minutes to one

hour.
3. RESULTS

The observed spectral linés assigned to OH and CD are listed
in Tables I and II respectively. The only other molecular band sys-
tems observed were the Vegal‘dvliaplan and Second Positive systems of the
N, molecule in emission. These occurred presumably because of either an
air leak in the vacuum system or N, impurity m the commercial Ne.
Although some overlap of the OH and OD bands with the N, systems
resulted, this was not excessively serious and no a'ptempt was made
to remove this trace of N,. Overlapped lines are néted in Tables I

and II. The band systems of N, in solid Ne will be discussed else-

where. 10

Microphotometer tracings of a portion of the CH and OD
spectra are shown in Figs. 1 and 2. CGH could not be complelte‘y re-
moved from the OD spectrum, even though the system was purged
with D,O overnight. The éorresponding lines are, however, suffi-
cently resolved even for the 0, 0 band, as seen from Figs. 1 and 2.
Note that the line widths of the absorption featurés increase with
increasing energy, while for the emission bands the: line widths
increase with decreasing energy.

It is readily seen from Fig. 1 that the fine structure observed

in the 0, 0 band for OD is compressed relative to OH, as expected
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for rotational levels. By comparing Figs. 1 and 2, one also notes
that the observed fine structure is not a mirror image in absorption
and emission. |
Emission from excited vibrational levels of the upper AZETT
state occurs for both OH and OD. The maximum v’ observed is 2
for OH and 4 for OD. Emission from v’>4 in a solid environment

has been observedlo

only for the VegardwKaplan bands of N, in solid
Ar, Kr and Xe, where v’ as high as 6 are seen. The observation of
v/ >0 for OH in the A22+——X_2Hi system establishes a vibrational
relaxation time in the A state the order of, or longer than, the radia-
tive A-X lifetime. In the gas phase, the radiative lifetime is

1x107° sec. 11

We can only set a limit of < 510" sec, imposed
by the X-ray shut-off time, for the A state lifetime in solid Ne. On
the other hand, no emission from excited rotational levels is
assigned (vide infra) so that rotational relaxation occurs much more
rapidly than the radiative lifetime.

Employing the highest energy line for each emission band
observed, the vibrational constants for the A and X states for OH
and OD were calculated. The results are given in Table III, where
the usual spectroscopic nota,tion12 is employed. The corresponding
gas phase values are included for éompariSOn. 12 It should be noted that
the gas constants refer to "null lines", whereas the highest energy solid
line is here assigned to a rovibronic transition. The results show only

small perturbations on the vibrational constants by the Ne environment

and confirm the vibrational analysis givenin Tables I and II.



4, DISCUSSION

The lower rotational levels in the energy diagram of the
¥ A ’ZHi system of OH in the gas phase are given in Fig. 3. The
A-doubling of the rotational levels of the ZHi state and the spin-
doubling in the ?%T state are neglected since they are both small
(<1 cm“l). The allowed transitions from the lowest rotational level
in both absorption and emission are shown in Fig. 3 by vertical lines.

13 mi

A more complete energy diagram is given by Mulliken. hree
allowed rotational transitions from XK'= 0 occur in emission. Six
transitions from the J"=3/2 level of the 2H3/2 substate are‘ allowed
in absorption, but dnly four lines are expected since the Satelliié
bands R,;{1) and Q,;(1) are nearly degenerate with R,(1) and @,(1)
respectively.

Table IV lists the gas phase energiesid" = and the relative
intensities of the transitions designated in Fig. 3 for the 0, 0 band of
OH and OD. The intensities were calculated frbm the expressions
given by Earlsl6 for 2-"1I transitions. The observed lines and
intensity estimates for CH and OD in solid Ne are given in columns 5
and 6 of Table IV. All observed absorption lines are shown; however,
only the three stronger emission lines are tabulated. The remaining,
much weaker, emission features are given in Tables I and II. These
will be discussed later. The three stronger emission lines for both
CH and OD are assigned to the P;(1), P,(1) and 0,(2) traﬁsitions.

The intensities observed in solid Ne agree approximately with the



intensities predicted for the free molecule. These transitions all
T . i D
originate from the lowest rotational level of the A 5" state 3
: g 2 9 : mi
but  only P,,(1) and O,(2) terminate in the X Hz/z substate. The
¥ . . 3 - " [a)
separation between these two lines gives the J"=1/2, J"=3/2 energy

difference in the solid (¢f. Fig. 3). The measured energy separation

w1

[}

for the 0, 0 band is 51 and-36 cm™~ for OH and CD respectively, while th

average P,,(1)-0,(2) separation for all vibrational bands is 52
and 38 cm_l. The corresponding gas phase values for
‘the 0, 0 band are 61 and 32 em”™ . For OD the line assigned to 0,(2)
is not clearly resolved from P ,(1),as seen from Fig. 2. Thus, the
measured separation could easily be too large by ~6 cm™ ', which is
the solid-gas difference in P,{1)-0,(2). However, the ~9cm . difference in the
splitting for OH between gas and solid is real. The P, (1)-P (1)
separation depends not only on the rotational term values, but also
on the multiplet splitting in the ZHi ground state. The mean P, (1)-
P, (1) splitting in Ne is 144 and 152 cm™ " for OH and OD respectively.
For both isotopes these are roughly 20 cm™' smaller than the gas
values. The energy sepai'ations discussed above are summarized in
Table V. ‘

The other, much weaker, emission features can nét be readily
assigned to rotational structure. For OH two additional broad lines
can usually be seen to lower energy of P,(1) by about 35 and 70 em™
Cnly one such feature is seen for OD roughly 55 cm™ to the red of

P,(1). However, this could correspbnd to the two features seen in
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OH if these were unresolved for OD. These additional emission
lines remain unassigned. |
In absorption the two lowest energy lines are quite sharp

(~5 cm ") for both OH and OD. These have been assigned to P,(1)
and Q,(1)+Q,, (1), which terminate at K'=0 and K’ =1 respectively.
The observed intensities disagree with those for the free molecule.
However, the predicted intensities are quite sensitive to the ratio of
"the spin-orbit coupling constant to the rotational constan’:T 16 More-
over, if the rotational levels are perturbed as discussed later, sig-
nificant departure from the free molecule intensities could result.
The perturbation on the A% rotational levels,-‘as given by

[Q(1)+Q,,(1)] - P4(1), is much less for OD than OH. The appropriate

differences éu'e Vshown in Tgble V ’

The next higher energy absorption feature shouid be
R,(1) + R, (1) which terminates in K/ = 2, Two lines are seen
at about the correct energy for Rl‘(l) + Ry, (1), separated by 40 and
20 cm"1 for OH and OD, respectively. In the reduced symme{ry ci
the crystalline site, the K’ = 2 rotational level could be split by
static crystal interactions. Two different substitutional site sym-
metries are possible for a doped rare-gas crystal, corresponding io
either the normal face-centered-cubic (fce) or the hexagonal-close-
packed (hep) structure, which is stabilized by certain impurities. 1% ,
The substitutional site symmetry Psh in'a hep crystal is much lower
than the Qh site symmetry of the fcc crystal. In a Dy, site even the

K’ =1 level can split, and this splitting is predicted to be roughly the
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same as the overall splitting for K'=2 for low values of the rota-
tional barrier. 18 However, the Q.(1)+Q,,(1) line (KX'=1) is much
sharper than even the individual features assigned to R,;(1)+R,,(1)
(K'=1). Inan O,, site only levels with X'>2 are split. K Again for
low values of the barrier the band widths for K =2 and X'=2 are
-oughly the same. However, K'=2 splits into two levels while K=3 is
split info three levels. As seen from Fig. 1,the features assigned
to R, (1)+R,,(1) and S,(1), where K'=2 and 3 respectively, have rougi-
ly equal widths for OD. The S,(1) line was not seen for OH, presum-
ably because of the lower H H,0 concentrations employed. Thus, one
possible explanation for the observed structure is the existence of a
rotational barrier which splits the K'=2 and K'=3 rotational levels.
The individual components of KX=3 are presumably unresolved, but
contribute to the line width of the S;(1) transition. If this explanation
were completely correct, the splitting of X’ =2 level is a very sensitive
measure of the rotational barrier. Determining the barrier from
the splitting of the K'=2 level and the data given by Devonshii*e, 13
the results shown in Table VI arise for the rotational levels. The
rotational constant has been a_ssumed to remain unchanged in the
solid. Even within cur rather large experimental error, the obser-
vations can not be explained by a rotational barrier alone. In par-
ticular the [Q(1)+Q,;(1)] - P1(1) separation for OH is in violent dis-
agreement.

The much larger solid perturbation in [Q,(1)+Q,,(1)] -P,(1) for

20,3

OH can be explained by rotation-translation coupling. This
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results if in the solid the molecule rotates about a point, called the’
center of iteraction, which does not correspond to the center of

mass. This leads to a coupling between the constrained transiational

and the rotational motion of the molecule. The coupling depends on

the difference between the center of mass and the center of iter-

action, which is given by A. Friedmann and Kimel 20 show that the

energy perturbation on the I x{th rotaticnal level, /_\.E( ), is approxi-

mately given by

-—

AEK) _ BmA%s |, 25(K%Kr D-4K(KT) | -
he —  2I - (£-2K) (£+2K+2) -} '

Here B is the rotational constaht, m is the molecular mass, I the
moment of inertia,and ¢ is the translational frequency in units of B
‘of the diatomic in the solid site. The other parameters have either
been previously defined or have their usual meaning. ' Employing

this perturbation approach, the coupling p rameter A can be deter-
mined from the observed [Ql(1)+Q21(1)] ’—Pl(l) separation for CH.

The other necessary quantlty is the »ra*zsla.tlonal frequency ¢ of OH

in the Ne site. This was estlmated by a method suggested by Friedman
and Kimel 2 from a harmonic~-oscillator model using a Leonard-
Jones (6, 12) interaction potential with parameters for Ne-Ne approx-
imating the OH=-Ne parameters. The translatlonal frequency for OH is

reasonably expected to be roughly the value given in Table VI, which

is near the Debye maximum for solid Ne. e Given the translational

frequency and the coupling parameter, the relative positions of all the
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OH and OD rotational levels are in principle calculable from Eq. (1).
The results are presented in Table VI. The important point to note
is that the large Q,(1)-P,(1) perturbation for OH and at the séme time
the very small perturbation for OD can be readily explzained.

The K’ = 2 rotational level in OD is also only slightly perturbed.
This level can not be calculated from perturbation theory for CH since
a near resonanée with the Itranslational frequency occurs. Similar
behavior occurs for OD at K’= 3. It may be that one of the two lines
~ observed in the R,(1) + sz(l) region corresponds to absorption to the
level wherein one quantﬁm of the translational motion is excited.
This mixes with the rotational states by'the translation-rotation
coupling and thereby steals intensity. The lines at 32415 cm for
OH and 32506 cm-'l for OD are 67 and 72 cm‘l, réspectively, to high
énergy of the P,(1) line and could possibly be the translational quantum.
This leaves the line at 32486 cm . as the R,(1) + R,,(1) line for OD which
then has a very small rotational energy shift from the gas phase. For
OH the line at 32455 cm“:L is then assigned to R;(1) + R,,(1). Itis
presumably perturbed quite Strongly by the nearby, but lower lying,
translational level and is, thus, pushed to higher energy. Although
the local tr‘anslational frequency appears closer to the R,(1) + R,,(1)
line for OD, the translation-rotation coupling is much less for OD so
that resonance interactions do not push the levels apart. A serious
problem with the above assignment is the relative intensitieé of the
various lines in OH and OD. The line that is tentatifrely assigned to

the translation is more intense in OD than in OH.
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Neither of the two mechanisms discussed above need by themselves
explain the data since both the static crystal-field interactioh and the
dynamic translation-rotation coupling can simultaneously occur.
Moreover, coupling to lattice phonons can perfurb the levels further.

In summary, it seems that the K’zl, K'=0 separation in the A%
state caﬁ be reasonably explained by rotation-translation coupling.
However, for K'>1 the situation is less clear. An "exact' fit of the
experimental data could possibly be made by treating both the cou-
pling paraﬁleter and the translation frequency as parameters and
diagonali:.iing the Hamiltonian matrix. . However, our experimental

data does not warrant this at present.

The author gratefully acknowledges the support and encourage-
ment given him by Professor G. W. Robkinson. He also thanks S. Wei

for allowing him to examine his unpublished data.
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TABLE 1. AZEJ"-X‘?Hi system of CH in solid neon.

v, v Yrac Relative " Assignment
(cm™1) Intensity
Absorption 0,0 32455 m
‘ 32415 W
32372 m Q1(1)+Q21(1)
32348 S P, (1)
1,0 *
‘Emission . 0,0 32347 vs | P,(1
32310 vw
32277 vw
32208 S P{1)
32152 w O,(2)
0,1 28774 \a"4 P,(1)
* Pisl1)
1,0 35317 ms (1)
35245 VW
35174 m P,(1)
35119 VW 0,(2)
: O | 31745 S P.(1)
- 31718 VW
31678 vw
31597 m Po(1)
31548 VW 0,(2)
2,0 38101 w P.(1)
37958 vw By
g 0,(2)
25 1 34528 - ms Bl
34452 VW
34383 m P(1)
. 0,(2)
5.9 31120 . m D, (1
30976 w D3, (1)
- 0,(2)

>i<observed, but not accurately measured.
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TABLE II AZE*—X""Hi system of OD in solid neon.

v, Wac Relative - Assignment
(cm™) Intensity :
Absorption 0,0 32560 VW . S, (1)
32506 m
32486 W
32449 m Q(1)+Q, (1)
32434 s (D
1,0 34702 w, b
34650 - W Q,(1)+Q, (1)
34636 m (D
2,0 *
Emission 0,0 32434 : Vs : P.(1)
. v 32386 vw :
32282 5 P,,(1)
32246 vw 0,(2)
0,1 overlap with VK 0,97
1,0 - 34634 ms . - P
34573 vw
34486 m P(1)
34447 vw - 0,(2)
1,1 32000 s | P (1)
- overlap with VK 0, 8
1,2 . 29450 VW P.(1)
29298 VVW P(1)
2,0 36733 W P,(1)
36580 vw Po,(1)
v 34101 " ms P,(1)
overlap with VK 0,7
2,2 31554 m P.(1)
31401 mw Pill)
4 0,(2)
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TABLE II. (Cont'd.)

2;3 29092 vw
28936 VW

v 1 overlap with VK 0, 6

3,2 33555 m
33406 mw
33367 vvw

3,3 w

4,3 32989 VW
32849 vVw

>kObsc—zrved, but not accurately measured.

TVK = Vegard-Kaplan system of N,.



TABLE III. Molecular constants of OH and CD in solid neon.
All entries are in cm ™.
OH D
State Gas® Solid Gas® " Solid
AT W, 3180.5 3154, 50. 2319.9  2205.1+1.4
W X 94,93 92. 60, 52.0 48.5%0.3
ini W, 3735.2 3735. 2+0. 2720.9 2716.5+1.5
w X, 82.81 81. 240, 44.2 41.920.5
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TABLE IV. Summary of gas and solid data for 0, 0 band.

Gas® Solid
Isotope Transition cm™* Relative cm™ ' Relative Gas-Solid
Intensity | Intensity (erm ™)
OH S,(1) 32643  0.49
R(1)+R,,(1) 32542 4.30 32455 m 87
32415 W 127
QuD+Q,(1) 32474 10.00 32372  m 102
P,(1) 32441 6. 18 32348 s 93
P (1) 32314  3.50 32203 m 112
0,(2) 32253  0.81 32152  vw 101 .
oD s,(1) 32637  0.70 32560 vvw 770
R,(1)+R,,(1) 32583  4.70 32506  m 7
32486 w 97
QD4Q,(1) 32547 10.00 32449  m 98
P, (1) 32530 5.97 = 32434 s 96
Pu{1) 32389 BT 32282 117
0,(2) 32367 W 32246 N4 121

20H, Ref. 14; OD, Ref. 15.
: _

+ 10 cm .
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TABLE V. Summary of discussed energy differences.

All entries in cm™*.

OH CD

Gas® Solid Gasb - Solid
P, (1)-P.(1) 126 144 131 152
P,,(1)-0,(2) | 61 - 52 32 38
Q,(1)-P,(1) 33 24 17 16
R,(1)-Q,(1) 68 43, 83 36 37, 7
S.(1)-R,(1) 101 : 54 68, 48
%Ref. 14.
b

Ref. 15.
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TABLE VI. Observed structure in the 0, 0 band interpreted in
terms of a static crystal field interaction.
All entries are in em ™. '

Barrier® QPN RAD-Q)  RYD-QD)
OH Obs. 24 T 43 83
=97 35 48 : 838
_ +85 34 56 96
oD Obs. 16 3T - 57
-45 18 30 S0
+41 18 27 47

4Barrier determined from splitting of K'=2 level (R?—Rf) as
discussed in text. : :
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]

TABLE VII. Observed structure in the 0, 0 band interpreted
in terms of rotation-translation coupling. All entries

; -1 .
are incm 7, except where noted.

. -f- Q1<1)—P1(1) Rl(l)-Ql(l)
Translation A '
Frequency (A) Cale. Obs.- Cale. Chs.
OH 58 0.15 - 24 n.r. 43, 83
OD 378 0.0%4 15 18 32 3%, 87
TDifference‘ between the éenter of mass and the centér of
interaction. : ’

0. Tr. = near resonance.
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Fig. 1. Microphotometer tracing of a portion of the absorption

spectra of OH and OD in solid Ne.
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Fig. 2. Microphotometer tracing of the 0,0 band of OH and

OD observed in emission in solid Ne.
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Fig. 3. A 22+ - X 21'Ii schematic energy level diagram.



2 5 +
7/2
2
IT 5.
3/2

149

A
ap

K J

3 7/2,5/2
2 5/2,3/2
| 3/2,1/2
o I/2
5/2

3/2

1/2

JII



Geometry of the Lowest Triplet State of Benzene*
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ABSTRACT

The phosphorescence, fluorescence and absorptio_n

~ spectra of seven isotopic benzenes in a CgD; host crystal
were obtained at 4.2° K. The isotopes having less than
D;h symmetry show splittings in their phosphorescenc;e
and singlet absorption spectra. Expected.splittings in the
fluorescence spectrum have not yet been observed b.ecause
of the greater difficulty in obtaining the required high reso- .
lution fluorescence spectra. The splittings are interpreted
in terms of a distortion, which may arise either from .
extrinsic or intrinsic perturbations, in the leu and 3B111
states of crystalline benzene. This distortion causes
conformers of isotopic benzenes with less than trigonal
symmetry to have different zero -pdint énergies and leads

to the observed line multiplicity. The vibronic . -
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structure of the phosi)horescence and fluorescence emis-
sions implies that the magnitude of the distortion is small.
Benzene molecules in the low-symmetry crystalline
field are not expected to retain a hexagonal shape, However,
“the splittings in the fluorescence are only about 1/8 as large
-as those in the phosphbrescence, implying that the distor-
tion in the °Byy, state is larger than that in the 'B,, state.
There is therefore some cause to believe that the distortion
in the 3Blu state is partly intrinsic and thus has the signifi-
~ cance attached to it by theorists. Our experiments, however,
_ .ica_nnot ;'a.ctually ciistinguish between intrinsic and extrinsic
udistortions, but certiinly give the impression that the distor-‘
“'tion of the 3Blu state of benzene in the crystal is not very
substantial and is' either wholly or partly causéd by the effect
of the crystal field.
| The relative intensities of the components of the
'multiplet structure in the phosphorescence are strongly
concenfration dependent ‘because of trap~to-trap excitation
migration in the ‘crys'ta.l. At low guest concentrations, where

little migration can ocdur, the intensity ratio gives the statis-

~tical weights of the components; at high concentrations a

Boltzmann intensity ratio is obtained. 'I‘he interpretation of
the available optical data can be made to agree with the
interpretation of ESR‘results by de Groot, Hesselmann, and
'van der Waals that a distorted *B,;; benzene is preferenfially
orlented in the site cavity of the sohd phase, but the resultmo*

mcture is not a wholly sa.tlsfylng one.
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1, INTRODUCTION

Over twenty years ago in the classic paper ‘entitled '"Phosphorescence
and the Triplet State' by Lewis and Kasha:L it was stated '.'. . .there must be
a peculiar distortion of the benzene molécule in the phosphorescent state. "
That supposition was based on twoarguments: 1) The weakness of the 0, 0
band relative to other vibrouic components of the spectrum, and 2) an
energetic argument that predicted n6 resonance energy in the triplet state,
In addition, chemical intuition seemed to dictate a quinoidal structure for
benzene in its lowest triplet state. Tﬁese arguments Were extended by

~ Redlich and Holt. -

We know that this line of reasoning wbuld probably not now lead to
the conclusion that the benzene molecule is distorted in its phosphorescent
state. It is now known that the weakness of the 0, 0 band is caused not by
the Franck-Condon effect operating between a distorted excited state and
a hexagonal ground state ‘but instead is a manifestationébf the D;yy symmetry
‘selection rules for transitions, By which in the absence of external {ields

"or molacular distortions would predict a zero electric dipole contribution

" to the 0,0 band of the "B,y - lAig transition. In addition, the energetic
arguments of Lewis and Kasha are now diificult to follow in view of modern
‘knowledge about molecular elecironic energy computations, A loss of
"resonance energy'' in the triplet state would imply é major distortion of
the molecule, an effect that does not appear to take place in view of the
similarity between the vibronic structure in the phosphorescence épectrum,
and the‘ fluorescence spéctrum of benzene. This latter point still requires
clarification though a more detailed study of the 3Blu = lA1g absorptiOn'

' i =10 : 5
spectrum, a difficult experiment considering the ~10 oscillator strength°

for the transition!
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Even though the arguments of Lewis and Kasha might not be used
today, the fact remains that in 1944 the suggestion thét a polyaﬁomic molecule
could c_ompletely change its éhape on electronic excitétion was bold indeed
- and would not be proved by spectroscopists to be a common 'phenomexion among
polyatomics until fully ten years later. . Qur intuitioﬁ, based now on a large
amount of experimental data, would suggest that there is no general reason to
" expect any excited electronic state to have the same nuclear conﬁgura‘cioﬁ as
‘the ground state. In particular, excitation of an electron into an antibonding
orbital might be expected to lead to energy stabilization and molecular dis-
tortion through bond rehybridizationj. When the change of geometry is subtle,
as it may be in the benzene triplef, rather more than a casual lock at a low
‘resolution optical spectrum may bé needed, howe{rer, fo prove the point for or
against distortion. |

The present paper begins by giving a brief theoretical background
to the problem of nonhexagonal benzene. thical experiments are then
" described that show the lowest excited slates of benzene in the crystalline

state to be nonhexagonal,
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2, THEORETICAL BACKGROUND

More recent interest in the structure of triplet benzene was kindled
by the work of Moffitt and Liehr. A paper by Moffitt7 on the electronic. -
structure of cyclic polyenes having the general formula C,, . , Hyy 4 2
lays the theoretical ground work for the later calculation by Liehr8 of
. vibronic interactions in benzene. Moffitt considers the ground state and the
four states from the lowest excited configuration (al)2 (el)‘l ... (e V)3 (ey +4)-
Mixing oniy among the four excited states was taken into account. In benzene,

9 that the four excited states in question belong to

v =1, and it is well known
spatial representations B,,;, B,,, and Em of the point group Dgh . Triplet :
states were not considered explicitly, but within the framework of Moffitt's
approximations, the results for singlets and triplets are identical. Mofiitt
showed that if atomic orbital overlap were neglécted in a 2pr basis repre-
sentation, "one-electron pei‘turbations" fnixing the four excited stafces take a

- remarkable and particularly simple‘ form. In the first place, such one-electron
perturbétions do not connect the B,y state with the B, state nor can they mix
 the components of the doubly degenerate E,; state. Thus a splitting of the E j
state will not take place' in {irst order; .splitting will take place in second order,

. however, since one component of the E;y state is mixed with B,y and the other

.component is mixed with B,y (see Fig. 1 of Rei. 7) T ‘
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Moffitt defined even and odd perturbations, respectively, as those
| which arise in the perturbation problem by connect’i':.ag atomic orbital basis
functions on carbon atom positions whose numbering differs by even (in- |
cluding zero) and odd integers. He showed that a purely ei}en one-clectron
perturbation would mix the B.u state' with one componentrof the E;,; state,
and a purely odd one-electron perturbation would mix B,y with the other |
" component of E;;;. As a first approximation, vibronic interactions can be
expressed as a sum of single electron operators, the effects of nuclear
_ displacements on electron-electron repulsion. éupposedly giving an energy |
contribution in a higher order. . Thus, roughly ‘spea.rking, vibronic inter-
actions can be considered one=-electron perturbations and Moffitt's results |
. can be applied. Furthermore, considering C-C stretching 'vibrations only,
the vibronic perturbation is "odd", and only the B,y state mixes with the
Eiu state. This means that a vibronic interaction Voflthe type considered
. is expected to be much more effective in perturbing the k. 3Bm states of .

ha -u States. Consistent with this theoretical viewpoint _'

is the experimental observation4 that a primarily "C-C stretching" vibration

.~ benzene than . the

is responsible for intensity in the 3B1u - lAlg trahsition but not in the
: leu - 1Alg transition. It is presumed here that intensity enhr.ancement

- depends on vibronic mixing with the respective 3Em or 1E1u state. A
"ecarbon bending" vibré;tion would give rise to muchsmallef .odd—type pertur=-
bation terms and would contain even terms as well. rIéhus carbon bending
vibrations can perturb both B,y ahd B,y states, but to a smaller exient

than the stretching vibrations. Moffiit's general _conclusions Would'therefore
indicate that the 3B1u staté of benzene stands to be distorted to a greater

extent than does the 1Bzu state through coupling of the electrons to C-C

bond stretching motions. The larger energy denominator for the
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singlet (~16, 500 cm"l)lo compared with that for the triplet (~6500 cm-l) i1
"would further decrease the extent of E,;; mixing and distortion of the lowest
singlet compared with the lowest {riplet of benzene. |
Extension of Moffiti's theory to include the variation of electronic

energy with nuclear displacement and the numerical evaluation of the matrix
elements themselves has been supplied by Liehr, 8 Considering the le '
and lEm states to be exactly degenerate in the hexagonal configuration,
instead of being split by around 1 e.v. by interelectronic repulsion as

they are in the real molecule, Liehr found that the Jahn-Teller depres-
sion energy for a Dgn distortion is 2005 e and 2510 cm_l, respect-
" ively, depending on whether the molecule has two short bonds in the 1.8
and 4, 5 positions as in a quinoidal structure, or two long bonds in these
positions ("nonéuinoidal Doy structure'). I.-Ie‘ concluded therefore that .
there was a definite possibility that the mol_ecuie 1s deformed in such a
Bm'state. According to this calculation, there is a 505 cm-1 barrier for
-pseudo—rotation between thé' three possible: minima corresponding to the

lovﬁ energy structure. - When oné takes into account the empirical 1 e.v.
energy difference between tl{e 3‘B‘m and aElu states, Liehr's vibronic
energies would have to be approximately doubled to give second-order

contributions of comparable magnitude as those quoted in his paper.

A rather serious criticism of Liehr's paper concerns his use of the
: " , : . 12 . ’ :
Lennard-Jones or harmonic approximation™~ for the estimation of the bond
' : 2 5k
length dependence of 7 -electron energies. More recent work™™ has indicated

that this is a relatively poor approximatidn. A better one for some purposes

is an exponential dependence used by Longuet—nggmsj and Salem. = As pointed

13

' by Hobey and McLachlan,' the Lennard~Jones approximation leads to

a positive value of the second derivative of the w-electron resonance energy
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with distance, while the Longuet-Higgins and Salem approximation leads to
a negative value for B'"(r). Hobey and McLachlan show that for the negative
ions of moleculesvhaving in their undistorted configuration a 3= or 6~-fold symmetry .
axis (e.g., benzene, coronene, and triphenjlene), the total D,p distortion
. energy eonsists of two parts: a Jahn-Teller energy depending upon 8'(zr)
and equal in magnitude for the two distorted forms , and a contribution
depending upon " (xr) which has a positive sign for one distorted configur- -
ation and a negative sign for the other. Thus the nature of the energetically
lowest configuration'depen_ds upon the sign of 8", and the theoretically pre-"
.dicted stable configuration may therefore be different depending upon what
approximation is used for B(r). In particular, the Longuet-Higgins and
Salem approximation favors the quinoidal structure of the benzene ion while
‘the Lennard-J ones approximation favors the nenquinoidal structure! These
" same arguments-can be carried over to the neutral molecule states.

de Groot and van der Waals15

have considered the theoretical prob-
~ lem of conformational isomerism in the behzene 3Blu state. Using the |
Longuet-Higgins and Salem approximation for (r) and assuming ‘D;h |
distortions, these authors found a s»ablhzatlon enerdy of 15620 cm -

for the quinoidal structure and 1000 cm for the nonquinoidal D o Struc-
ture. The 520 cm separatmn between these two forms is in good
‘qua.nt,...a.tlve agreement with the calculation oi Liehr except that the stabil-
ization energy is in an opposite sense (! ), the quinoidal structure being
more stable, according to deGroot and van der Waals, than the non-
quionoidal structure. This is just what one would expect following the

- Hobey and McLachlan argumen‘ts. But' 1t is certainly disconcerting to

the experimentaiist who might well conclude that the theoretical calcu-
lations thus far have shown the quinoidal and nonquinoidal Dyp, forms of

benzene to have the same energy within a rather wide limit of uncertainty.
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Yet the calculations so far have been relatively crude in the kinds of
.approximations they have employed. OCnly C-C bond stretching dis-
tortions have been considered. Bond bending and the out-of-plane degree
of freedom might well be considered in future cé.lculations.

Lacking at the moment these more sophisticated results, one must
resort to experimentation in order to shed Iight on the question of the
structure of benzene in its 1-owest triplet stéte. In the next few sections
results of fluorescence and phosphorescence measurements in isotopic
mixed crystals of benzene will be discussed. Some new absorption meas-
umements sl ba mentioned briefly. These results show that the lowest
triplet stéte and, toa lesser extent , the lowest excited singlet state of

crystalline benzene deviate from the hexagonal form. Alterwards, the
15

ESR results of deGroot and van der Waals™° will be compared with the

- optical spectroscopic results.
'3, EXPERIMENTAL

| Spectra of seven partially deuterated benzenes dissolved as guests
in a C,D; host crystal have been photographed at 4.2° XK. The m.olecules
studied are: CeH,, CoHyD, 1,4-CgH,D,, 1,3-CoH,D,, 1,3-CeH,D,,
1,3,5-C4H;D;, and 1,2,4-CeH,D,. Because of zero-point effects (vide
infra ) there is a shift of the 0, 0 transition to lower energy by approxi-
mately 33 cm per hydrogen atom substituted into C,D;. Thus at 4 2° K
more highly protonated species act as effective energy traps from which
"emission is observed. To avoid effects caused by trap-to-trap exci-
tation transfer to chemical impurities, A solute concentrations between
0.01% and 1. 0% were generally used.

All benzenes were obtained from commercial sources except for

the 1, 2,4-C;H;D; which was synthe sized by one of us (GCN)." The isotopic
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purity was found to be adequate {or all the benzenes since emission from
isotopic impurities was spectroscopically well resolved and could easily be
characterized. Samples of adéquate chemical purity were prepared by‘
vacuum sublimation. Further purification with metallic cesiumll did not
alter the emission spectra assigned to thé isot.opes of benzene.

Crystals having a thickness of 1-10u were prepared by freezing the
liquid mixture between quartz plates, the entire process being carried
out in a nitrogen atmosphere. Cryst'a'ls 1-3mm thick were grown from the’
liquid mixture in a sealed~-off quartz cell. The cell was later broken
- open undei‘ the liquid helium to achieve good thermal contact with the
helium bath. Both methods of growing; the isotopically mixed crystals
gave identical emission spectra, but, presumably' because of more complete
_absorption of the exciting light and better degassing, emission from the
thicker crystals was more intense.
| Most of the phosphorescence spectra were obtained in the second
or third orders of a 15, 000 line-per~inch grating in a two-meter mount.
. Fluorescence and absorption spectira were taken in ‘third order. A few
plates, showing better than double this resoclution, of the phosphorescence
" and the absorption spectra were obtained ™. 41 .in thethird:dnd fourth ordersi of
"a, Jarrell-Ash 3. 4 meter photographic instrument equipped with a 15,000 - |
lihe/in. grating. Good fluorescence spectra have been more difficult to
obtain on the higher resolution instrument. Such spectra will be reported
" at some future time. When more accurate intensity measurements were
desired, the spectra were studied using a Jarrell-Ash 1.8 meter photoeleciric
scazﬁning'spectrometer. No absorption from chemical impurities was seen
to the long wavelength side of the benzene cutoff at about 2650 A Exposure

. times on the 2-meter spectrograph for the more intense vibronic components
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were ébout five minutes in the thick samples for both phosphorescnece
and fluore;scence. Because of their sharpness, phosphorescence spectra
on the larger photographic instrument required only slightly extended .
exposure times. A representative part of a microphotometer trace of the
lower resolution phosphorescence spectrum of one of the isotopes is
shown in Fig. 1. Phosphorescence line widths as observed on the large
spectrograph are appai‘en‘tly less than 1 c::m“1 and may be instrument
limited. The best line width that could be obtained with the 2-meter

- spectrograph was around 1_'cm_'1. Because of the lower cmﬂl dispersion
in the‘ fluorescence region, the experimental linewidth was about a

factor of two greater. i
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4, VIBRONIC STRUCTURE OF
FLUORESCENCE AND PHOSPHORESCENCE

Before discussing the defails‘ of the observed s;S_ectra we will briefly
. describe the general features of benzene phosphoreécence and fluoreséence
~ as observed from isotopic guesis in a C;D,; host crystal. A more complete
_ description of the spectra will be given in another paper. The lowest triplet
state of undistorted benzene most likely has Blub symmetry in point group
Dsh and is thus both spin and electronically forbidden. Most of the transition
_ probability is thought to arise from vibronic coupling of the 3Blu state with
the nearby 3E1u state which in turn is mixed Wifh the lElu state by
‘ spin-orbit coupling. 18 The proposed reduction of the symmetry of the
triplet state from Dgp, does not appear to greatly alter this mixing scheme
since the phosphorescencé spectrum is basically that of a vibrationally-
induced, electronically-forbidden transition. In fact the major vibronic features
' | in both the fluorescence and phosphorescence spectra of all isotopic
| ‘modifications are best described on the basis of an equilibrium nuclear
configuration of hexagonal shape_; That is to say, the vibrations most
. active in inducing the electronic transitions either have €;g Symmetry
or correlate with these same pgh normal coordinate motions for the
partially' deuterated spe cies.'

In a discussion of emission spectra at low femperatures it must
- be remembered that only ground state vibrations appear. The most active:
vibration in the phosphoréscence spectrum of CgHy is the e,q modé at . |
1595 cm . Within the line width of 1 cm”, the twofold. degeneracy of this -
vibration does not appear to be removed by thé low symmetry of the crystal

field, i.e., there is in general no observable gite group splitting. ie
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This mode is somewhat complicated by Fermi resonance with the

606 + 990 cm (eag - aig) vibration. There is,inte-nsity stealing from
the strong 1595 + n x 990 cm“l progression by the very weak 606 +
(n+1)%x 990 c:m_'1 progression. The 606»cmn1 mode a.loné is observed
to be only ~10% as intense as it is Wheﬁ in resonance With ‘the 1595 cm—1
‘modes. This fact is in qualitative agreement with the previoﬁsly dis~
cussed conclusions of Moffitt that a primarily odd perturbation, such as
would arise in a C-C stretching motioﬁ, is most effective in vibronic
interactions between By and E;,; states. The e,g CH bending mode at
1175 cm i_s;L also weakly active. Weaker yet are the b,g 1004=._lcm_l 20»
and 703 cm  vibrations and ’r:he totally symmetric g 980 em pro-
3 gression; It should be femembered at this point ‘that in the crystal
site, where the only symmetry element is inversion, 49 mixing among
all of the g-vibrations can occur to various extents. The presence of
Dog and g vibrations then need not be caused by any intrinsic property

| of the beniene molecule itself but may orily be caused by the low sym-~-

- metry of the crystal field in which the molecule resides. The fact that
_ the other g-vibrations are riot very intense implies, however, thét the
Psh'molec:»ular classification for CH; is still approxlmateiy valid even

in the crystal. |

Deuterium subétitution changes the symmeétry of the vibrational

coordinates but leaves essentially unaltered the molecular electronic sym-
metry. For C,H;D the vibrational symmetry is reduced to Coy » i undistorted,_
and the doubly-degenerate e, vibrations of CgH, correlate with a, and b,
vibrations of C,y. Thus in place of the 1595“+7 n X 990 progression for
C.H,, there are progressions of nearly equal intensity based upon the

1591 em ™ (2;) and 1574 em” (b,) vibrations. The components of

U
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the split 1178 cm (ezg) vibration at 1175 cm (a,;) and 1158 .cm (b,) are
seen, but they are relatively weaker than in C;H,. The 1175 cm_1 component

is somewhat more intense than the 1158 cm component.. Very weak

vibronic {ransitions are also seen to arise from the b, vibrations (fofmer
bzg) at 704 e and 995 cm as well as from other vibrations not seen in
CeHg. A portion of the C.H D phOSphorescénce is shown in Fig. 1.

For 1,4-C,H,D,, which has vibrational symmetry D,p in the ‘
undistorted molecule, the degenerate e,o vibrations of CgHi; are again |
~ split. The main portion of the phOSphorescence again involves the
1569 (ag) em” and 1587 (blg) e modes, which result from the spliﬁting
. of the 1595 c_:m.-1 vibration of C;Hg. All expected vibrations are seen.

There is a very sirong resemblance between the phosphores-
cence spectz;a of 1,3-C.H,D,, 1,3-C,H,D,, and C,;H,D, all of which have
- C,v vibrational symmetry.  For 1,3, 5-C.H;D; having D, vibrational
symmetry, the active degenerate modes, just as in C.H;, show little or
- no site group splitting. They ‘occur -as e' vibrations. The phosphorescence
spectrum closely resembles that of C;SHG except that Fermi resonance
between the e’ vibrations, 1578 e and 593 + 956 cm-l, no longer occurs.
The phosphorescence of 1, 2, 4-CgH;D, WithAvibrational symmetry QS mostly
resembles that of the C.y isotopes, but is fnore cluttered with false lines |
because of contamination by isotopic impurities.

In general the same ground=-state vibrations are observed in ﬂuor_es
cence and phosphorescence, but with some intensity changes. While the .
€z 1595 c:m__1 mode is the most strongly active in phosphorescénce, the
g 606 cm-1 mode is the most active ﬁuorescence vibration. The second
strongest phosphorescence progression, 1175 +n X 990 cm - (exg), is very
weak in the fluorescence spectrum. The totally symmetric 990'cm-1 progression,

is slightly more intense in fluorescence.
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5. TEE ANOMALOUS SPLITTINGS

Even though, as indicated in the preceding' section, the similarities
' in the specira of the isotopic benzenes can be understood in terms of group
| theory and the changes in the normal coordinates introduced by deuterium
substitution, closer examination of the phosphoréscence spectrum reveals
several anomalies. |

1. The phosphorescence spectra of C;H; and 1, 3, 5-C6H3D3‘ in the
- CyD,; host consist of single li;les. However, the phosphorescence spectra..
of CHyD, 1,3-CeH,D,, 1,4-CeH,D, and 1,3-C.H,D,, consist of closely
spaced doublets, one component.being about twice as intense as the other,
while that'of 1, 2, 4-C.H;D; is made up of triplets. This multiplet structure
is in addition to the splitlting of aegenerate C Hg vibrations résulting from
‘the reduced vibrational symmetry oi partially deuterated benzene. It is
| present on all vibronic lines including the very weak O, 0.

17, the most intense (high energy)

2. Under higher re‘solution
multiplet component of the phosphorescénce 0,0 band of 1,4-C,;H,D, itself splits
into a doublet. The measured splitting is 1.9 cm-'lr. For the O,VO band of |
CeH;D no additional splittings were observed, but the high energy multiplet
comporfent is broader than the low energy component. - Distinct splittings
0f 1-3 em” are observed on some of the other vibronic lines for CHD.

One example is seen in the lower resolution spectrum shown in Fig. 1,
where the high Lenergy multiplet componerit‘ of the 1175 cmfl band is further

split by 3 em .
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3. The By -~ Alg absorption spectra, insofar as they have been
studied, show splittings of a nature qualitatively similar to thoze in the
.phosphorescence spectra but of a2 magnitude approximately eight times
smaller. The observed line shaped suggest triplets for C,H.D and

1,4-C,H,D,,but the structure is not well resolved.

4. The magnitudes of the phosphorescence splittings are the same
within £1.0 ¢m * for all vibronic transitions of a particular isotope. The
magnitudes of these splittings for ﬁhe various isotopic modifications of
‘benzene are shown in Table I

B .‘I‘he relative intensities of the components of the phosphorescence
multiplets depend on the concentration of solute molecules. In the limit of
infinite dilution, the relative intensities"of the components in descending
order of frequency seem to approéch 2:1 for C;H,D, 1,4-C,H,D,, and
- 1,3-C,H,D,; approach 1:2 for 1, 3-CeH,D,; and 1:1:1 for 1,2,4-C.H,D..
'I‘hls is discussed more completely in Sec. 9.

6. Within the lower resolution 2 cm hneW1dth the fluorescence
spectrum of all isotopic benzenes shows no multiplet structure. In view
of the small splittings observed in the electronic absorption spectrum |
and in theinfra,red% spectrum of isotopic mixed crystals of benzene,
small splittings sl'xould‘_show up in the fluorescence spectrum at higher .

resolution providing the intrinsic linewidths are sufficiently narrow.
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6. INTERPRETATION OF THE SPECTRA

These observations can be explained if benzene in the crystalline
state has an effective symmetry lower than Dgy. At low temperatures all
phosphorescence emission originates from the zeroth vibrational level of

-the excited triplet staté, and thus the symmetry reduction in the triplet

state occurs in the vibrationally unexcited level of this state. The loss

of symmetry is just what is expected when benzene is placed in any envi-
ronment of low symmetry. The effect seems to be accentuated, however,
in the 3IEE;lu state of benzene.

| The symmetry reduction is such that the six.ca.rbori atom positions
~ are no longer all equivalent. Considerihg the low resolution spectra first,
‘where further splitting of the doublets into triplets was not accomplished,

the intensity ratios ,Qf the multiplet components in the limit of low guest
concentration indicate that the carbon positions are divided into two non-
equivalent sets, of four and of two carbon atom positions each (vide infra).

23 , it can readily be shown that only five subgroups of

Using group theory

Dsh are consistent with this structural requiremen‘c'. These are Dyh, Dy, .

N Cay (with the C, perpendicular tothe original molecular plane), and C.h
(with the C} or C}'through the atoms or through the bonds). Other sym-

| metries predict an incorrect number of components. In Fig. 2 the statis-
tical weight and the positions of the deuteriums are shown for the distinct
conformations of a given isotopic benzene assuming a particular D;h
symmetry. It is not possible from the data to eliminate any of the possible
symmetries. | ‘ | | |

[ H‘Qwevex;, if the extrinsic &istortion were sufficiently large, the

molecular symmetry would be Cj. The finer features, which are currently
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being studied in more detail, are undoubtedly the result of placing the | .
guest molecule in the gi site of-the benzene crystal. For a Qi distortion

of the "By state, three lines are predicted for CH,D, 1,4-C.H,D,, 1,3~
C,H,D,, and 1,3-C,H,D,; one line for C;H; and 1, 3, 5-C,;H,D,; and six lines
.for 1,2,4-C,H,D;. The overall splitting is not symmetrically spaced since -
the interactions reflect the nearly Cop site symmetry. Furtherrmore, |
orientation effects on ground state vibrations (see Sec. 8) contribute to the

. splittings. This is a small contribution, but observable even in the low

resolution spectra. The measured multiplet splittings change reproducibly

from band to band with an average deviation from the mean splitting of
about =1 cm —1. The additional splitting into three components is not only
| ~ good spectroscopic support for the crystal siructure of benzene, but also
implies that the extrinsic distortion is comparable with .oi:' greater than

_ any intrinsic distortion!
7. A MODEL FOR ZERO-POINT ENERGIES

To see betler how the line multiplicity leads to the conclusion of -
a nonhexagonal benzene triplet we consider a very simple model for the
explanation of the doublet structure. There is no advantage to be gained
by extending this sort of model to the discussion of the triplet structure.

We assume that the effect of isotopic substitution on electronic energies is
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- much smaller fhan the observed splittings in the multiplet line structure.
This is hreasonable since we are dealing here with a 7 -w* transition
mostly localized around the carbon frame. ' Even when the nuclear mas=
ses differ by a factor of two as for H and He+, the Rydberg constants are
the same to within about 0.05%.2° We can coﬁclude-therefore that the
mass eiffect on the electronic transition energies arises from zero-point
vibrations. A quantitative calculation of the total zero-point energy in |
the benzene triplet state is not possible. Even the experimental data for
| the ground electronic state is not sufficiently reliable to calculate total
zero-point energy to the degree of precision required here. In addition,
no vibrational data presently exist .for the friplet state.
The simple model ltha‘c we use to treat zero-point energies in ben~-
- zene considers the molecule to be composed of six CH or CD mass points '

that can oscillate independentlv27 in three dimensions about their equilibrium

positions. For simplicity, the effect of hydrogen or deuterium vibra-
tions will be‘igrﬁored for the momeri*‘c. Let the force constants in the
. ground‘electronic_.state associated with coordinate i = x,y, z at the posi-
tion of the j@- mass point be ‘given by kijo . The x coordinate at each

mass point is defined as pointing outward from the center of the mole-
cule, and the z coordina-te_is perpendicular to the molecular plane. The
y coordinate is orthogonél to these. Because of hexagoné;" symmetry, k; jo.
for j=1,2...6 are equal. Assigning reduced masses m,; and m, to the

CH and CD fré.gmepts, respectively, the zero i)oint vibrational energy in

—l i .
cm in the ground electronic state is,

R Ty I I E
sl (e . e .. /)3 :
Ry i=x,zy,'z ;jz’l oy LRI
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‘with mj = m; Or m, depending on whether the mass at j is that of Cx or C
In the triplet state we assume a lower symmetry in accordance with
the discussion. A cartesian coordinate system centered at each mass A
point is defined in such a way that there are two mass points bound to their
equilibrium position by the force constants kij , and four mass points
by the iorce constants k'.'j. This analysis does not restrict the mechanism

that leads to differing force cons;a.nts. The zero point energy (in cm-l) in the

{riplet state becomes,

- e e ° : 1 I 1)
(re)” X % Lo (ky/md)E e (e /m)?
i=x,y,z . j=1,4 k=2,8,5,6 -

where the index j = 1; 4 refers to the mass points with force constants X

and the index k = 2, 3, 5, 6 refers to mass points with force constants k':.: 3

k

each mj or m™ takes the value m; or m, whichever is appropriate.

Defining,

=@ Y )E

l=x,y, 2
- with similar definitions for K' and K", the zero-point energy difference
- Z(D') between ground and excited state for monodeutero benzene with the

deuterium atom in a primed position is

1.1
Z(D') = m, "% (K' - K°) + m,"% (&' +4K" - 5K°).

For a deuterium atom m a double -primed position, one has

20" = m,7F (@ - K°) + m,7F (2K + 8K - - 55
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'For the excited singlet state, where evidently K' = K", these eguations show,
in agreement with observation, that each successive D atom substitution on

CcH; contributes a constant contribution to Z equal to

(m, "

[N

~X 0
-~m, *)K -K)

where K = K' = K" for the singlet. The empirical value of this expression

is +33 cm . Since 1 —%> mz_%, the force constant K in the excited state is
smaller than that in the gi'ound state, a fact that is theoretically expected, and
one that has already been pointed out by Ingold and -co'—workers. 29 For the
triplet, where K' is not equal to K"; but where the difference 2 [K' - K" i |

is small compared with |K' + K" - 2K |, 2 similar result obtains. |

Using C,H;D as an example, the difference between the Z's,

AZ(CHD) = Z(D") - Z(D') = (m, 2 - 1, %) (&' - K)

for the two nonequivalent substitutional positions in'triplet benzene is the
quantity equal to the observed doublet Spiitting inthe spectrum. This splitting
is measured to be +7 cm ‘1. The sign of this quantity is determined from the
multipiet intensity ratio in the low concentration limit (see Sec. 9). For
C,H;D, the highei‘ frequency component cérresponds to the one with the greater
' . statistical weight, namely the component associated with a deuterium in the
double primed position (Fig..2). Since ml-% > mz'";:, one sees that X' > K.

. This line of reasoning gives a force constant difference between primed and
double primed positions which is inconsistent with what at first sight would be
expected for a‘quinoidal structure, where four of the six mass points are -
connected to positions having the greatest force constant. - The above zinalysis
shows that only two atoms are connected to such positions. However, a

purely extrinsic perturbation is not necessarily govérned by the -rulés of
chemical binding. -‘Therefore, é‘. non quinoidal structure should not ’pe too

surprising.
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.'The analysis, however, does not necessarily rule out the quinoidal
struciure. It could happen that the force constants for certain hydrogen
ﬁbrations are such that Ki; >KY;, but for carbon vibrations K'v, > K'n.
This relationship could re_sult; in the observed sign of the Splittings for the
‘quinoidal structure, providing it is primarily hydrogen vibrations that
determine the splitting, but primarily low frequency vibrations that determine
the gross zero-point energy shifts. | One cannot rule out the possibility that
the frequencies of certain hydrogen siretching modes increase upon
excitation into the lowest excited states of benzéne, R so such a relationship |
- between the force constants is possibie. -
The multiplet splittings in Phe giior aatante moditlontinns o
. benzene can readily be determined using the simpliﬁed model calculation
just used for C HzD. Defining AZ as being determined by subtracting Z
| of the doublet component having the lower statistical weight from Z of the
one with the higher statistical weight one finds that?aZ(1,4-C H,D,) =.
2AZ(C HeD); AZ(1, 3-C,H,D,) = - AZ(C.H,D); and AZ(1, 3-C,H,D,) = AZ(CH,D).
- For the 1, 2, 4-CgHi;D; modification, a iriplet is predicted with total splitting .
equal to that in 1,4-C,H,D,. As can be seen from Table 1, these results are

in exact agreement with the experimental findings at low resolution for both

the multiplet splittings and the relative energies of the conformers.

8. INTRINSIC OR ENVIRONMENTAL DISTORTION ?
An intrinsic distortion of the lowest benzene triplet has experimental
and theoretical support. However, as stressed earlier, the anisotropy of the

benzene crystal alone can also give rise extrinsically to an effective symmeiry

23

lower than Dgn. The site symmetry of the benzene crystal is Ci. How-

ever, to a fair approximation it is Cpp. By Therefore, within this latier

approximation, the benzene molecule at a ¢rystalline site has at’
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most G, symmetry in all electronic states. The magnitude of this sym-
metry reduction may or may not be appreciable depending on the sirength
of the coupling between the molecule and the crystal field. In other words,
the difference between X' and K" in the model of . "S'ec_.ﬂ.. 7T could arise
entirely from intermolecular Interactions. The.dié'tortion in general is
expected to be dif. ferent for different elechomc states of the molecule.
The strongest argument in support of the distortion being caused
by the extrinéic perturbation is in the vibronic structure of the phos-
phorescence and fluorescence transitions. - No anomalies whatsoever were -
-observed by Leach and Lopez-Delgado 21 in their lower resoliution phos-
- phorescence spectrum of C.H; and C,Dy in a cyclohexane matrix. On this
basis they concluded that the triplét state of benzene is hexagonal. Cer-
tainly the apparent absence of any strong progression, other than totally}
- symmetric, built on one guantum of a perturbing e,g vibration implies at
baost a small distortion, be.it intrinsic or extrinsic; and it is intuitively
more attractive to relate.a small efiect to an extrinsic, rather than an
~ intrinsic, perturbation. The multiplet sphttmgs in the phosphorescence
 do show that some kind of distortion occurs in the 3:Blu state above and
beyond that which occurs in the "B,y state, but the experimental data can
“in no way distinguish an intrinsic distorti’on from oné caused by external
perturbations. One must remember that Moffitt's theoretical arguments
reviewed in Sec. 2 may be-applied to extrinsic as well as intrinsic perturbations.
In crystalline benzene some -experimental evidence for a direct
" intermolecular per’curbation on the molecular force field of the b'rbund

32

electronic state has been obt amed by Bernstein and Robinson Using

v isotopic mixed crystals, they have ‘observed splittings of nondegeneraie
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vibrations in the infrared spectrum of isotopic modifications of benzene having

lower than D;h symmetry. There are just two components observed at the

resolution available, rather than three, because of the approximate C,n

site symmetry, and the magnitude of these orientational splittings, when ob-
served, is around 3-4 cm_l. The splittings, WhiICh are of similar magnitude

as the site group splittings of degenerate vibrations and arise probably from the
same kind of interaction, are cbserved primarily on u-vibrations or those
vibrations that correlate with u-vibrations. Site group splittings |

and orientational splittings on g~-vibrations appear to be extremely small

17,32 The main points of Lnterest here are that only a
part of the vibrations show orientational splittings and the magnitude
of .the‘ splittings, when observed, is remarkably insensitive to the |
type of vibration concerned, its effective mass, its amplitude, or its
infrequency. |

If these splittings were different in Lhe ground and excited

electronic states of benzene, their presence would coniribute to a zero-point

energy difference for molecules in the different orientations.: "Electronic
splittings™ of the type observed in this work W_ould result. The main reason -
We do not believe that extrinsic effects of this particular type contribute

a measurable amount to the phosphorescence splittings is that no such

splittings have yet been observed in the fliorescence spectrum, and even

though they are expected' their magnitude must be smaller than the 2 cm -

low resolution linewidth. Since we know that orientational splittings exist,

. the lack of observable splittings in fluorescence is, at first sight,

more remarkable thanithe presence of them in the phosphorescence spec-

trum. The'sma.llness of the splittings in fluorescence implies that vibra-
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tional orientational splittings in the ground and excited electronic states
must be the same to within the experimental linewidth. Of cwourse, one

~ could say that there is some kind of cancellation effect in the singlet but

not in the triplet. However, in view of the apparent msensmvzty to vibra-
tional state found for the vibrational orientational splittings in the ground
electronic state, we prefer to believe (with some reservations) that this

' . : : o . : i =X
type of vibrational orientational eifect is not important in the >7 cm

splittings discussed in this paper. Rather, we feel that the splittings
| observed in the phosphorescence, but less prominently in the fluorescence,
reveal a real difference in the static geometry of the 3B1u and lBzu states,
The perturbation that cauées the distortion of‘ the 3B1u state may still be either
intrinsic or extrinsic, or it could be an intrinsic effect modlfled-—mac-mued
or even demaanlf*ed--by the envn‘onmevxt '
| ‘The presence of additional (triplet) splitting in high resoclution
.phosphorescence spectra and the orientation effects on ground state vibra-
2 tions do show that the crystal-field-guest interaction is not negligible. In
faét, the optical ekperiments are best interpr‘ete.d in terms of a completely
extrinsic distortion of the 3Blu state or .an inherent intrinsic disfor_tich
‘modified by the C site symmetry of the crysta.l '

In an attempt to dlstmc"ulsh between intrinsic or extrms;c mech-
anisms for distorting the triplet staue, the phosphorescence spectra of
. several isotopic benzenes were obtained in solid rare gas matrices.

t was already known5

that the spectrum of benzene in solid argon at 4.2° X .’
is sufficiently sharp (4 cm"l) that possible splittings might have been '
6béerved. No distinct spiittings were observed for C,H.D and 1,4-CH,D,.
Line widths, however, increased to about 7 and 10 cm_l respectively.

This broadening could be associated with a distortion e_ffec':t.wherer the
| expected doublet for some reésdn is not resolved. If the broadened line

e
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is really caused by such a distortion, and not by some extraneous effect,
the distortion is then similar to what it is in crystalline benzene. This

~ observation would then be more in keeping with an intrinsic distortion;
but the rare-gas results are not very conclusive and should be given
““small weight. Mixed crystals of benzene and other substances, such as

borazole, should be studied to clarify this point. -
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9. INTENSITY RATICS
There are two limits that need be considered in the discussion of
intensity ratios of the multiplet components. In the case where the
rate of interconversion among the multiplet coinponents of 2 nontrigonally

1

symmeiric isotopic modifieation of benzene is fast compared -witn tie phos-
phorescence lifetime (7 ~ 10 sec.), the ratio of the emissionfintensi’cies ]
from the components should be equal to the ratio of their statistically
weighted Boltzmann factors. If interconversion were slow compared with
the phosphorescence lifetime, then the intensity ratio should be governed
only by the probability of excitation of the various conformers. It is
assumed that this probabilily is equal to the relative statistical weight of -
" the conformer. | v :

. The mechanism for reaching Boltzmann equilibrium among the
multiplet components may be different depending upon Whether the inter-
action between the distorted molecule and the crystal field is strong or
weak, For a stroﬁg interaction between molecule and environment, the
potential surface describing interconversion between the conformers is
highly unsymmetrical, trigonal symmetry being lost because of the low
symmetry of the crystal field. As de Groot, IHesselmann, and van der
Waals ‘have pointed out‘, a3 for example, -an intrinsically distorted molecule
may have some highly preferred orientation in the cavity of the crystal.

One minimurﬂ of the potential surface liee to much lower energy than the
other two., The lowest-lying triplet state of each guest molecule is there-
fore spatially nondegenerate, the components associated with the other
potential minima‘lyin'g much higher. Tunneling among the levels is thereiore
not possible except at fa.irls'r'high temperatures, Here "multiplet"

components would be associated with this single low-lying energy in different
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molecules, the zero-point energy diiference between the components being a
result of different orientations of the deuterium positions in the crystal

ield. - The excited state orientation of a given molecule is fixed by its ground

b

siate orientatioh. There is no way for the conforrmers to‘linterconvert
at low te’mperatures' except by molecular rotation in the solid, an event
that cannot occur in normal crystalline benzene at 4. 2°XK during the triplet
lifet'ime.sth Boltzmann equilibrium can therefore be established
only through intermolecular exchange of excitation, a process that is
lmown16 to take place in isotopic mixed crystals of benzene at low tem-
.. peratures. Moreover, the rate of intermolecular excitation exchange -
is ls:nown16 to be concentration dependent, the transier bécoming more
efficient with increasing conceniration of guests.
If the interaction between the molecule and its environment is
weak, then, in all probability,' any distortion of the benzene molecule in
its triplet state would have to be intrinsic. Each benzene molecule pos-
sesses more than one conformation. Unsymmetrical isotopic sub-l
stitution causes these conformers té have slightly different zero-point
energies. Boltzmann equilibrium among the components is established by
some sort of intramolecular process, thermally activated at very
low temperatures.- Intermoleculai' excitation exchange is not necessary for
thermal equilibrium unless the iniramolecular process is too slow,
The experimental intensities are subject to rather large errors,
both in measurément and from errors due io effects caused by the presence,
- as impurities, of other isotopic traps. Furthermore, the Franck-Condon

envelopes are slightly different for the multiplet components. Intensity ratios
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w2 integrated over the Franck-Condon envelope35 should therefore be sornewhat
more reliable than line-to-line comparisons. The integration was performed
by summing peak heights rather than areas under the lines. Fig. 3 shows
the concentration depeﬁdence of the ratio of the integratéd intensities of the
.upper to lower energy cdmponent for C;H;D. For isotopes other than CJH.D .
integrated intensities were obtained at concentrations less than 1% only.
Integrated intensity ratios for all the isotopes at <0.1% guest are shown
in Table I. Both photoelectric and photographic intensity measurements
- were used. The measured intensity ratios for both methods agree for iden- ]
‘tical concentrations within 10%.

o As can be seen, the intensity ratios of the components are defi-
nitely concentration dependént. This fact shows that the dominant
mechanism for thermal equilibration among the components is inter-
molecular excitation exchange, not intramolecular tunneling. This fact
therefore forces us into one of two conclusions. .’I‘he interaction between

" the molecule and its environment could be weak, but in that case the
rate of the intramolecular tunneling process among the conformers would -
have to be much slower than the rate of disappearance of the triplet state,
~0.1 sec. —1. ‘fhe other possibility is that the interaction between the molecule
and the crystal fieid is strong, so that no intramolecular tunneling can oceur
at low temperatures. More will be said about these possibilities in the
next section. '

The zero concentration lirnits shown in Table I give the proba=-
. bility ratio for excitation of the multiplet components. These ratios

are therefore associated with the relative statistical weights of the



! 179
conformers. In this way the statistical weight of a conformer can be

related to its relative energy. In C.H.D, for example, the statistically
favored conformation is the one at higher energy. In all cases it is found

" 'that the conformation with the most deuterium atoms on the double primed
positions (see the third paragraph of Section 7) lies at highest energy. The
lowest energy conformation is the one with the most deuteriuras at the single’
primed positions. The observed statistical weights and energy ordering of

the conformers are in exact agreement with those expected for a distoried
benzene, as shown in Fig. 2. In the high concentration limit the intensity ratio
should approach the Boltzmann ratio, which can be determined from the statis-
tical weights and the measured energy differehces between the multiplet
components. The calculated Boltzmann ratio for the multiplet components oi

CeHD is 0.2 at 4.2° K and 0. 005 at 1.7° K. As shown in Fig. 3, the agreement

' with the experimental data is very good.

10. COMPARISON WITH ESR RESULTS

de Groot and van der Waals.15

have observed the electron resonance
spectrum of triplet benzene in rigid glass solution at 20°K, Their analysis
indicates the absence of trigonal or greater symmetry in the benzene triplet
state. In agreement with their theoretical predictions discussed in Section 2,
the electron resonance spectrum at 20%{ in glassy solvents is interpreted in
iterms of a2 dynamlcal equilibrium between three isomeric conformauons with

; ; 2 " 10 -1
an inter-conformer conversion rate of >10. .sec ..

33 by observing the e1éctron

This interpr'etation' was extended
‘resonance spectra of mesﬁ:ylene m a B-trlmethylborazole cryscal in the

temperature range 20° K to about 13 O° K - Over this range of temperauure
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the AM = =1 absorption lines for each crystal orientation remained sharp,
but they shiited such that the zero-field splitting parameter Z remained
nearly constant while IX - Yl,with increasing temperature, decreased from
about 0. 050 c:m_JL fo 0. 038 cm_l. This result shows the approach at high
temperature to trigonal symmetry where |X - Y | = 0. The observation

of only two sharp absorptions for each crystalline direction establishes a

> 1010 ‘sec B conformer conversion rate.

The fast tunneling rate implied by the ESR experiments is at
first sight inconsistent with the results of the optical experiments, which
give an interconversion rate slow compafed with the rate of triplet decay.
The two results se‘em to differ by a factor o_f 10ll or more! Differences
in the experimental conditions of the two experiments of course exist.

The optical experiments have been carried out at 4. 2°X, or below, whereas
the ESR experiments were at 20°K, or above; the optical experiments used
} crystalline benzene while the ESR experiments used mesitylene in B-tri-
methylborazole. '

First, let's see if the assumption of weak interactions between
the molecule and its environment is reasonable in the light of the ESR and
optical experiments. The most probable mechanism for interconversion
in this case would be intramolecular tunneling among the triad of nearly
degenerate states of a nontrigonally symmetric isotopic modification of

15,58 s,

benzene. Theoretically,i one would expect a fast tunneling rate.
. example, taking a ring 'distor’cion corresponding toc a carbon atom displaée—
. ment of 0.04 -0.1 &, tunneling of carbons between conformers would ocecur
‘atarate ~10° sec,:"1 for a ba.rrrier height of 500 emt. In order to bring

the theoretical tunneling rate into line with the optical experiments, a
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distortion of at least 1 A or an unreasonably high barrier would be reguired.

While such a large distortion may be possible, there is no independent

experimental evidence for it. We therefore conclude, in agreement with

the discussion in See. 8, that the interaction between the molecule and the

- crystal field is not negligible.

If the distortion were purely intrinsic the effect of the crysta

| field is to present an energetically favored environment for one orientation

of the distorted molecule. This is the picture given by van der Waals and

‘de Groot. On the other hand, if the distortion were purely exirinsic, the-
potential suriace with a triad of minima does not really exist. Any attempt
o rotate 'th_e molecﬁle results in distortion and the two things cannot be
sepai*ately treated. In either case, only a single emitting state exists in
each molecule. The observed splitting is therefore associated with
zero-point energy differences among different molecules in the crystal

- with different orientations of the deuterium atoms in the Cy site symmetry
of the crystal field. o

. If the distortion were intrinsic, emission or absorption studies

at higher temperatures should reveal states resulting from the higher

energy conformers. Failure, thus far, to photograph any emission from

| the higher energy conformers allows an estimate to bemmade of the minimum -
energy depression from Boltzmann considerations. For CgH, in C;D; a weak
single line has been seen 8 c:m“1 to higher energy of the 0, 0 line of the C H;
phosphorescence when the latter Was' heavily exposed on the photographic plate. '
This-has been tentatively assigned to ]‘?'BCIZC;;I“I6 whose 0, 0 line is balculated37
to be blue shifted éo:ne 15 e from CsHg. A complete spectral analysis
-of the system built in this origin is prevented at this time by the heavy
background of C;H; lines. Since its positidn is roughly'wherie predic'ted ‘

and emission from it is expected, we will assume the assignment to
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is _12 . 2 g
C C.H; is correct., No other emission was detected to the high energy -

side of the C;H; 0, 0 line. Thus, it is probable that emission from the
higher'potential minima of the distorted molecule in the gi cage was not
observed at 4. 2° K. Higher temperature experiments are planﬁed in an
attempt to observe these features. Estimating that emission 10-2 as
intense as the C;Hy 0, 0 line would have been détected, a2 minimum energy
difference of roughly 15 cm ™ petween the potential minima in the crystal
is necessary. This is the correct order of magnitude fdr rapid conversion
above 20° K where kKT =14 cm .

F Thus, at the present time,. thg optical experiments can be made-
consistent with the interpretation of the ESR experiments where an intrinsically
distorted 3Bm benzene molecule is preferentially oriented i-n the crystal site
such that other orientations are energetically less stable by at least 15 cm_l.

‘However, the detection of the relatively large splittings caused by the
C; site, the lack of vibronic evidence for distortions, the failure to find any
optical evidence for the higher conformers, the likelihood of a nonguinoidal
distortion (even in the C,n site approximation), and the smallness of the zero=
point energy effects would seem to be more consistent with a purely extrinsic
distortion. On the other hand, the fact that the distortion appears larger
for the 3B1u state than for the leu state, and the agreement between the
ESR experimental results and their quantitative interpretation on the basis

of a quinoidal 3Blu' state give weight .*;o‘the argument in favor of an intrinsic

distortion., -

o
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TABLE I.
Multiplet Splittings and Intensity Ratios

Phosphorescence .~ Multiplet "~ Multiplet
. 0,0 in C sz host 2t - Splitting = . - Intensity
o S T e v B
Guest | e - (cm ™ )? ! T (cm™1) Ratio |
CHy, '29658.1
. | 29690. 5 A LAl T T |
. CgHD - & o | . 7.0£0.5 2.2
g o | 20683.8 b, Chr P
20720, 4 | ‘ : o
1,4=C.H.D," ¢ e o R B St L S R T 1.4
| e N BO707. 8 = | fa |
| sedaalr, SGTOL G T o T e Mg, e | : .
1,3-C.H,D, g W S T PR §L70 0.64
wd ey SO o TR T N _
1,8, 5°C 80y = 5 - E0TEs. 8 v,
L 9GUBE,8 - it s Pl AR T T ‘ o
1,2,4-C.H.D.~ . ' - 29748.6 - . " 2 v
PR SR Sl i B S g FETE W
- 20741.5 . et o -]
' . 29786.4 ‘ ' ;
1,3~C.H,D, : , e T 9&0.8 2.0
29779.5 '

a, Measured values uncorrected for quasu'esonance interaction with the CeDg

host exciton band
b. The limits given are the average error from the mean.
c. Ratio of high energy to low energy conformation for a guest concentration < 0.1%.
'd. Only the 0, 0 transition was accurately measured. ' |
e. This ratio is a lower limit since the high energy component is an unresolved
doublet and peak-helghts , not mteg,raa.ed mte*xsltles, were measured. See
Sec. 8 of text. . B €, . ,

f. Visual estimates. =
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: Figﬁre 1

Microphotometer tracing of the phosphorescence of 1. 0% C,#.D in
- o -1 . .

CyD;s host crystal at 4.2°X showing the 7 cm  ‘doublet structure

s, . . S i s -1 -1

in the vibronic transitions. The 1574 cmn  and 1591 cma  bands

were traced from a plate exposed a factor of three less. Intensity

s in arbitrary units.

(-
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Figure 2

Conformations of an exaggerated D,n benzene for various isctopic
modifications. The number in parenthesis is the statistical weight
of the conformafion. The .numbérs at the bottom of fhe figure give
~ the number of deuteriums in the apical or single primed position

© (see text) for the conformers in the column directly above. The

prefixes m,p, 8, and a denote meta, para, symmetric and asymmetric
respectively. . ‘
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Figure 3

The integrated phosphorescence intensity ratio for the high energy

to low energy conformer of C H;D in C;D, host erystal as a function

- of guest concentration, ' O 4.2°K; Wy dg- o

€
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_Static Crystal Effects on the Vibronic Structure of the Phosphorescence,

Fluorescence, and Absorption S-p ectra of
Benzene Isotopic Mixed Cr e

E. R. BERNSTEIN, S. D. COLSON, D. S. TINTI, and GW ROBINSON

Gates and Crellin Laboratories of Chemis’cry,i

California Institute of Technology, Pasadena, California 91109

(Received - ' )

The phosphorescence, fluorescence and absorption
spectra of the isotopic benzenes CiH;, C,H,D, p-C,H,D,,
and sym-C.H;D;, present as dilute guests in a C;D; host
crystal at 4.2°K, are obtained with sufficient spectral
resolution to ascertain the magnitude of the crystalline
site effects.. Two such effects are emphasized: site split-
ting of degenerate fundamentals and orientational effects.
The former can occur for the isotopes C,H; and sym=-C.H,D,,
while the latter is possible only for isotopes with less than
a molecular three-fold rotation axis. The observations
show that both site-splitting and orientational effects do
occur as a general rule onvibronic and vibrational
states in benzene isotopic mixed crystals. We conclude,

therefore, that the site interactions are not negligible.

TSupportec:l in part by

¥Contribution No. 3546.
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An empirical correlation of the magnitudes of the site splitting,
orientation effect and site (gas-to-crystal) shifts for in-plane
and out-of-plane modes is noted. Our results for the ground

- state vibrations are in good agreement with the findings of
Bernstein from infrared spectra in those cases where levels
can be observed by both techniques.

In order to characterize completely the above mentioned

site effects it was necessary to analyze in some detail both the
- emission and absorption spectra of the isotopic guest molecules.
The phosphorescence of CsH, and sym-C,H,D, has been com-
pletely analyzed out to 0, 0-(v;_+ v,) while for that of C,H,D,

the analysis of only the mere intense bands near the electronic.
origin has been carried out. -Some ‘ground state vibrations of p- -CH,D, are
presented but the phosphorescence spectrum, complicated
greatly by both grounq and excited state orientational effects;

is not analyzed in thls present work. The fluorescence of
-these isotopes W&S‘ used only to correborate and supplement

the conclusions and assignments extracted from the phospho-
rescence analysis and is not presented in detail. The relative
vibronic intensities in the fluorescence spectrum are com-
pared to those in the phosphorescence. 'Frem the general
analysis it is possible to conclude that the effect of the

crystal site on the molecule, while spectroscopically measur-
able, is quite small. _

On heavily exposed photographic plates it has been

possible' to assign the 13CC5H6 emission spectra in both the
pure electronic and a few vibronic bands. Absorption spectra

of these mixed crystals have yielded information concerning
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the orientational effect on the first excited singlet state of
CsH;D and p-C,H, D, as well as site splitting of the v}
vibrational levels of C;Hy. The 13CCSI-IﬁﬂnDrl 0, 0 absorption
spectra have also been identified. New absorptions, in the
region of the 0,0 of C;H; and C,;H,D have been tentatively
assigned to resonance pair lines and 13CZCqHﬁ__nDn on the
basis of their intensity behavior as a function of guest con-

centration
I. INTRODUCTION

Since the classic work of Halford, . Hornig, 2 and Winston and Halford3

" in the late 1940's, the effect of the crystal environment on

molecular spectra has been of much interest. These early works deal in part
with the effect of the crystal site on the degenerate molecular states. More
recently, Bernstein4 and Str‘izhe:avsky5 have considered further site inter-

actions not limited only to degenerate states, viz., orientational effects, %

4,5 in the solid. For

gas-to-crystal shifi:s,4 and enhanced Fermi resonance
experimental as well as historical reasons, most of these investigations
concern the ground state vibrations observable by means of infrared spec-
troscopy. Since it is of theoretical importance to know whether or not such
effects are present for all the vibration classes and types, in the present

* work we look for the above effects in the vibronic tranéitions of CiH; and
some of its deuterated isotopes: that is, the phosphorescence, fluorescence,
and absorption spectra of varibus benzene isotopic mixed crystals. This

allows us to study site interactions in vibrations which are not seen by

infrared absorption.
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For the case of a C;H; guest in the 91 G site of a C,D, host crystal, the
molecular u, g classification of guest states is retained, imposing the u¢s g
dipole selection rule for the C;Hy transitions. Thus, in the infrared absorption
spectra from the g-ground state, only u-vibrations are observed, while
vibronic transitions involving u-excited states can be utilized to study g-
vibrations. The emission spectra also supplement the vibrational data obtained
employing the Raman effect . On the other hand, in an isotope that
-does not have invexjsion symmetry , the infrared absorption and
the UV emission spectra can involve' the same ‘vibrations, ;and thus
.the data complement each othéi'.. F;)r example, in .thca:“-ca’,se of site
‘,, spli_tting of degenerate Vfundame,ntals,‘ the infrared and UV data for Cy H, should
supplement one another due to the u <> g selection rule, while for the case of
sym-CgH;D; these data should overlap and check one another. Similarly, for
the orientation effect, the C,;H;D data should overlap with both techniques
while for p-C,H,D,, there would be no direct overlap of data. It was from
these considerations t}mat CeHy, C,H,D, p-C,H,D,, and sym-C,H,D, were chosen
for this work. These ;.vere all studied as dilute guests in a C;D; host crystal
at 4.2°K. By such a study we hope to provide a complete picture qf crystal
effects on vibrations of the benzene molecule for all classes and types and,
therefore, furnish a good test for theoretical calculations of intramolecular
. and intermolecular force fields and potentials in solid benzene.

A vibrational analysis of the benzene phosphorescence spectrum in EPA
at 77 °K was first published by Shull. C Sveshnikov and co-workers8 and

9

Leach and Lopez-Delgado” have compared the vibronic structure of phos-

phorescence and fluorescence, again in glasses at 77 °K. Niemanlo and

Nieman and Tinti (NT)11 have analyzed the benzene phosphorescence under

low resolution for many benzene isotopes in a C;D; host crystal at 4. 2 °K.

i
t
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‘I“he benzene emissiqn spectra in amorphous solids do not generally show resolvable
crystal effects on the ground state vibrations. While a few of the larger of

these effects were observed in the lower resolution crystal spectra of NT, -

it is only with the higher- resolution employed here that the»efrfects are |
discernible on nearly all vibronic bands as a general occurrence and'canu be

quantitatively discussed with confidence.

II. THEORETICAL CONSIDERATIONS
OF CRYSTAL EFFECTS ON VIBRATIONS

Crystal effects on vibrations have been considered in great detail
previously both in our laboratory and others. We Wil‘l only discuss the
general results as needed here, referring the reader to the more detailed:
work when necessary. Site splitting 1,2 for a molecular energy state

occurs if this level has a degenerate representation in the group of the
molecule which maps into one or more nondegenerate representations in
the group of the crystal site. Thus, the doubly degenerate vibrations of
C;H; and sym-C,H,D, are mapped into two nondegenerate components in
the Qi site of the benzene crystal. The energy difference between these
two components in an "ideal mixed crystal' is défined as the site group
splitting 6 8.4’ 12 e concept of an "ideal mixed crystal' implies the
absence of all resonance and quasi-resonance intermolecular interactions,
. while all other interactions remain as in the pure crystal. Dilute (<1%)
isotopic mixed crystals of béﬁzene have been shown to be‘ran excellent approxi-
‘mation to the "ideal mixed crystal" for ground state 'vibrations% This is found
not to be true, however, for the lowest excited singlet state of beﬁzene.
For benzene isotopes without a molecular threefold axis, a different

effect occurs.‘1 It is clear that in the 91 site there are three possible
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orientations with respect to rotation about the original C;H; sixfold axis for
the isotopic molecule that, at least in principle, could have different energies.
Therefore, a nondegenerate molecular vibration could give rise in the spec-
trum to three lines, each of which is due to differently oriented molecules
in three physically equivalent but distinct sites. For other site symmetries,
in general a different number of physically distinct orientations are possible.
Thus, the number of lines observed in the spectrum for a given vibration is
an indication of the effective site symmetry. Table I summarizes the number
of orientations group' theoretically possible for benzene isotopes in various
sites. |

The observations of either effect measures the effect 6f the static field
on the guest nloiedule.. However, certain interaction tei'ms present in |

one are absent in the other. I_ilxrthe orientational effect, which involves

‘ two or more guest molecules on different sités, the ground state terms do

" not necessarily cancel. These terms must cancel in tran.sitions to the two
site split components. Moreover, the two site split components have the
-same symmetry in the crystal site and can interact with each other, .
increasing the first-order splitting‘given by interaCi;ion with the static
érystal field. This latter interaction can not, of course, occﬁr for mole-

.-cules on widely separated sites, i.e. for the orientational effect. Because
| .of these differqnces, a. direct comparison of the respective magnitudes of

these effects is difficult at best and could be misleading.

III. EXPERIMENTAL

The benzenes were obtained from Merck, Sharp and Dohme, Ltd., of

Montreal, Canada. The mixed isotopic solutions were purified by the method

14

described by Colson and Bernstein™ * and directly vacuum distilled into modi-

fied "Bridgman type'" . growing tubes, of the type depicted in Fig.1. Two
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'thicknesses of crystal were used: 3 mm and ~ 20 u. The thick crystals were
grown by lowering the optical cells through a temperature gradient of about
100°C/cm directly into a liquid N, cooled chamber at the rate of roughly
1 em/day. These crystals, which are usually transparent and nearly free
of cracks, are then cooled to 4.2 °K with little decrease in quality. This same
technique has been successful in growing crystals up to 3 cm in length. The
thin crystals are grown in the same type tube by suspending the holder in a
dewar approximafely 20 cm above the liquid N, surface and subsequently
cooling to helium temperatures. Once the crystal holder is completely sub-
merged under the liquid helium, the cell is broken open above the graded
seal to insure good thermal contact with the coolant. If this is not done, the

' sample temperature hés been found to remain well above 4.2 °K for some
length of time and increases when the sample is irradiated.

The emission spectra of the guest triplet and singiet states were
excited by absorbing into the C,D, host singlet exciton band from which the
excitation energy is rapidly transferred to the lowest excited singlet and
triplet states of the guest. These lie approximately 30 cm to lower energy
fpr each hydrogen substituted into C;D,. The guests thus serve as effective
energy traps from which emission is observed at low temperatures. Both
low and high pressure Hg lamps were employed as excitation sources. Order
sorting, where necessary, was accomplished by liquid Kasha or Corning

. glass filters in conjunction with 0.1m-atm Cl, and Br, filters. When high

orders were used, a small Bausch and Lomb monochrometer was used as a
| predispersing element or as an order sorter.
The phosphorescence spectra of the mixed isotopic crystglé were
photographed at 4.2 °K on a Jarrell-Ash 3.4 meter Ebert spectrograph. Two
gratings were employed. The first had 15000 line/in yielding a plate
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factor of roughly 1.62 A/mm in the third order. Exposure times for the more
intense vibronic lines were about 5 min with 20 u entrance slits. The weaker
lines required approximately one hour exposures. A second grating was used
“in the eighteenth order where the plate factor was 0.32 A/‘mm. Only the more
intense vibronic lines of C;H; were photographed, requiring exposure times
with 40 u entrance slits of four hours.

All fluorescence and some of the survey phosphorescence spectra were
obtained on a 2. 0 meter Czerny-Turner spectrograph, constructed in our
laboratory, with a 15000 line/;n grating blazed at 1.0 u. Spectra were taken
in third order where the dispe:rsions are 2.4 A/mm and 3.7 A/mm in the
phosphorescence and fluorescence regions, ‘respectively. The exposure
times for 5 u slits were roughly 5 min. Some of the very weak phosphores-
cence lines were measured from these plates.

Absorption spectra were taken on the 3.4 meter instrument utilizing
the fourth order of the lower resolution grating which gives a dispersion of
roughly 1.23 A/mm at 2650 A. A few spectra were also photographed with

the higher resolution grating.
IV. EMISSION SPECTRA

Both fluorescence and phosphorescence emissions have been photo-
graphed for the isotopic guest in a C;D; host crystal at 4.2°K. Exposure
times for the more intense features are roughly equal for the two emissions
at lower dispersions, implying nearly equal quantum.yields for the singlet
and triplet emissions of the guest molecule for the isotopes studies. Further-
more, the measured phosphorescence lifetime of the guest molecule for CeHes
CeH D, p-CGH;Dg, and sym-CﬁHgD:3 is independent of the isotopic composition

of the guest and its concentration for less than about 1% guest by weight.
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The phosphorescence intensity, followed over the first decade change for

isolated vibronic lines, decayed exponentially within experimental error
with an average lifetime of 8.7 sec. This constant triplet lifetime implies
that the quantum yields remain approximately constant independent of the-
guest and thus appear to be crystal determined.

The phosphorescence does have somewhat sharper lines and is thus
easier to photograph at higher dispersions. Due to this smaller linewidth
and the greater cm* dispersion available in the phosphorescence spectral
region, we have concentrated mainly on the phosphorescence spectrum as a
" means of studying ground state vibrations. The larger of the site splittings
to be discussed is resolved in both emissions and we have used the fluores-
cence to complement the phosphorescence where possible.

The narrowest phosphorescence linewidth at the highest resolution
employed Was approximately 0.1 cm = and seemed to be limited by the quality
of the crystal. This linewidth was observed only once in a very transparent,
seemingly near perfect, crystal of 0.04% C,H, in C;D,. The linewidth of
0.1 e was superimposed on a weaker background whose width was approxi-
mately 0.5 cm *. This latter width probably corresponds to residual crystal
imperfections. It should be noted that the narrowest linewidth we obtained |
roughly equals the expected zero-field splitting in the triplet state. Thus,
the vibronic linewidth which would result from the uncertainty broadening of
the ground state excited vibrational level may be much less than 0.1 cm T,
implying that the vibrational relaxation time. in the ground state is
>5x 10 " sec.

The lowest benzéne triplet state most likely has B,;; symmetry in point
15

group Dgp. It is thus both spin and electronically forbidden. This double

forbiddenness can be formally removed in a second-order perturbation scheme
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by some combination of spin-orbit and vibronic mixing such that the active
vibrations must have symmetries contained in I"T X I‘S X TR where I“i is the
irreducible representation in point group D, of the phosphorescing triplet
state, the dipole allowed singlet state, and the spin-orbit operator for |
i=T, S, and R, respectively. In this way €20 bzg, and &g vibrations are
group theoretically predicted to be active in the phosphorescence spectrum
for the free Dy molecule.

16

Albrecht™ ™ has analyzed various first- and second-order mechanisms

for bringing dipole'—allowed singlet character into the triplet state. From the
polarized phosphorescence spectrum in solid glass at 77 °K, he concludes
that the bulk of the transition probability arises from vibronic mixing,

1%

of the lowest triplet with the °E

utilizing the e,y vibrations v and v, Eiy

state which is spin-orbit coupled to the dipole-allowed singlet states JLAzu

and 1Elu. Assuming this mixing route and that the lowest excited singlet has
B,, symmetry, the vibronic structure of the phosphorescence implies the

.3Blu

assignment for the lowest triplet state in point-group Dgp.

For the lowest excited benzene singlet state, L8

B,y symmetry in point-
-group D,y has been established with greater certainty than the triplet sym-
metry. The spatial forbiddenness of the transition between the grdund l.Aqg |
state and the lowest excited 'B,, state ¢an be formally removed by vibronic
mixing with the dipole allowed 1Elu and lAzu states. The latter route
requires a bg fundamental of which benzene has none. However, e, vibra-
tions can mix a B,y and an E;,, state. Thus, vibi‘ations of species &g are
group theoretically predicted to be active in the fluorescence and singlet

absorption spectra. Vibronic calcula.tions19 predict that the €20 vibration

ve should dominate.
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In the C, site of the C;D; host crystal, only the u, g-classification of
molecular states is retained and, therefore, the above group-theoretical
' arguments are no longer rigorously correct. However, it is found experi-
ms.antally‘ (vide infra) that the above scheme predicts the dominant features
of the spectrum, implying that the molecular classificatioh of states is still
approximately valid. The effect of the site is demonstrated by the appearance
in both the fluorescence and phosphorescence of a totally symmetric progres-
sion built on a relatively weak 0,0 band.

One feature common to both emissions is the'é.ctivity of 272 cm
lattice phonon. This frequency is apparently determined primarily by the
- C;D; host, independent of the guest, since the value does not measurably
change for different isotopic guests. The phonon emission band is quite
broad (~' 5] cm’l) and is usually photographed only for the stronger molecu-
lar bands. Crystalline C;D; does have two observedzo optical phonons in |
this range with frequencies of 62 and 77 cm— at 4. 2 °K. 'Some unobserved
optical phonons are also estimia.tedzo to have very similar frequencies so
that the species of the phonon is not known With certainty. Symmetry

arguments require that it be a gerade type.
1. ©F

The more active vibrations in the phosphorescence spectrum of CgHg
in a C,D, host are the same as previously assigned in the solid glasses.
However, the much sharper lines in the mixed crystal allow a more nearly
complete analysis. For example, some of the fundamentals of 13C12C35H6
~ can be assigned (vide infra). C;H; has four degenerate fundamentals of €2g
symmetry in Dgy=--vg, vy, Vg, and yp--of which v, dominates the phosphores-

cance in all solvents, being roughly a factor of five more intense than the
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next strongest vibronic origin built on vy, . In a C;D; host many other weaker
"false' origins are resolved and assigned. Progressions of the totally sym-
metric 990 cm (alg, v,) quantum are also fou_nd built on v, on the two ‘.ozg
fundamentals v, and v, the single degenerate Cig fundamental v,,, the
electronic 0, 0 and combinations and overtones of overall symmetry €205 bzg,
and e | _ '

Figure 2 shows a microphotometer tracing of the phosphorescence
spectrum of C;Hy from the 0,0 to 0,0 - 2500 cm ™. The analysis of the
Cy;H; phosphorescence is given in Table II for energies greéter than
0,0 ~ (vg +v;). Table III conﬁpares the relative intensity of the stronger
.vibronic origins in the Ce¢H,; phosphorescence and fluorescence spectra as,
determined from microphotometer tracings of photographic plates.

Fig..2 and Tables II and III show the general dominance of e,
vibrations,and in particular of v; and y, in activating the triplet ert;xission

spectrum in qualitative agreement with vibronic theory. 16,19

The almost
exclusive activation of the benzene phosphorescence by the modes v, and
-vg is partially carried over to all the lower symmetry isotopes with an
increase in the activity of certain other vibrations qualitatively predictable
from mixing of the normal coordinates in the other isotopés. Th-e only €2
fundamental not assigned in the phosphorescence is v, . The fundamental

ve is quite weak. However, when in combination with v, it steals intensity
from v, by Fermi resonance. The totally symmetric progression built on the
um(elg) origin is the weakest progression analyzed, being aweaker than
some progressions based on combinations or overtones -of _gn'fundan\'lentals
of overall symmetry €zg- The only g-fundamentals which were not assigned
in the phosphorescence of CsH; are vy(a;g), vs(azg), and v,(eyg). However,

v, and v, are assigned from the fluorescence spectrum. No u-vibrations

are seen in either emission.
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In general the same ground state vibrations are observed in the fluores-
cence spectrum as in the phosphorescence. However, the relative vibronic
activity is substantially different, as can be seen from Table TI1 . The
relative intensities in the fluorescence also agree generally with the predic~
tion of vibronic theory outlined earlier. In comparing the two emissions the
foll‘owing features seem noteworthy. The b2g modes, both fundamentals and
combinations, are relatively much more intense in the phosphorescence. The
only bzg mode we have assigned in the fluorescence is the fundamental v,,
which appears very weakly. No vibrations of species bzg are seen in the gas
phase 1BZu - 1Alg spectrum. 19 However, its intensity is so much less than
v, and, therefore, the electronic 0,0, that it is not possible to draw definitive
conclusions from its appearance. The preéence of a bzg vibronic origin in
the free molecule would support a B, assignment forv the lowest singlet state,
but in the crystal the bzg origin could easily be due to crystal site interactions.

The intensity of the totally symmeti‘ic fundamental v, relative to the
most intense vibronic origin is much greater in the fluorescence thari in the
phbsphorescence. It seems reasonable to attribute this to a greater enhance-
ment of the 0, 0 in the fluorescence since the transition is only symmetry and
" not spin forbidden. However, the possibility that vibronic mixing by v, in the
phosphorescence is enhanced simultaneously with the 0, 0 in the crystal can
not be eliminated.

Site splitting s - defined in Sec. II is observed for the degenerate ezgl
fundamentals v, v,, and ¥y, amounting to 3.1 cm’, 5.5 cm ', and 0. 54 em
respectively. The splitting of vy, is seen only with the highest resol}ltion
employed and is not shown in Table I Fig. 3 is a densitometer tracing
of v, and vy with this highest resolution. No distinct splitting is seen in vy,
but, as seen in the Fig. '3, .the vy linewidth is roughly equal to the total

bandwidth of the split v, fundamental. v, could be much more sensitive to
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crystal quality than vy so that its greater linewidth (0.5 cm—l) need not
completely represent unresolved site splitting. On the other hand, the
absence of a splitting in vy supports the assignment of the splitting in y,
as a genuine site splitting rather than a splitting due to different sites in a
non-perfect crystal. A very weak line, which has not been assigned, is
- observed ca. 8.5 cm to low energy of the very strbng 0,0 - yy - nv, progres-
sion. The intensity ratio of y; to the unassigned line is > 100 and much |
larger that the intensity ratio ( 10) for the two components of any other
observed site-split fundamental. We thus feel that this weak feature does
not represent the other component of v,.

The g fundamental v,, is also split (5S-S =6.8 cm'l). The vibronic
intensity of the two components is different in the fundamental (see Fig.2),
but in the observed combinations of v,, with vy (e,Lg X byg = ezg) and with v, , |
vg and vg + v (elgx €yo = byg + Dpg + elg) the splitting repeats itself. The
intensity of the components also tends to equalize in these combinations.

For the totally symmetric progression built on v,, the intensity difference
remains. The mode v,, is not observed in the fluorescence, apparently
since it has €g symmetry in Dgp, but the overtone 2v5, (ezg) is seen very

"~ weakly and a site splitting of 7 cm - can be inferred. Thus, even though
the vibronic intensities of the site split components of v,, in the phospho-
rescence is different, the reported site splitting and the frequencies of the
- components are certainly correct.

In the combination and overtone vibronic bands, site splitting in many
u-fundamentals can be inferred. Consider for example the three linés at
808.3, 818.1, and 826.8 cm * removed from the 0,0 which are aésigned as
2 ¥4 (eau)2 = €;g + a5 in Dgp. The observed splitting could arise by two

different routes, both yielding three lines. The first mechanism assumes
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the degenerate fundamental v,, is not split, but that the site and intramolecu-

lar anharmonic terms removes the threefold degeneracy of the overtone 2v,,.
If this were the case, the expected splitting would be small and the pattern
not necessarily symmetric. If, however, the fundamental v, is split in the
site,l then the overtone would be three symmetrically spaced lines for small
anharmonicities with intensities determined by the binomial coefficients, i.e.,
1:2:1, for equal vibronic activity among the three components. As seen from
Fig. 2 and Table II. the intensities‘are roughly in this ratio in the phosphores-
cence and the splitting nearly symmetrical. The fundamental v;; is thus
predicted to occur at 404.2 cm * and 413.0 cm with a site splitting 6 of

8.8 cm . In the infrared spectrum of C,H; in a C;D; host crysi:al,gta Vs COnsists

of a doublet at 404.8 cm ™ and 413.0 e (6__ = 8.2 cm ) in excellent agree-

Ss
ment with the values inferred from the emission spectra. A small deviation
. is expected both from anharmonicities and from Fermi resonance among the
trio of lines corresponding to 2v;, each of which rigbrously has only sym-
metry 2y in the C, site. The same band observed in the fluorescence, how-
ever, does not show this intensity pattern, the high-energy component at
827 em” being more intense relative to the other two. |

Similarly, the doublet at 1101.6 and 1110.9 cm'l, which is a.ssigned to
V., + Vi, is the combination of v,; with each of the site-split components of
V1. Assuming no anharmonic corrections or resonances, the inferred value
.of v, is 697.4 cm™ which compares with 696.9 observed in the infrared.
The quartet assigned to v,4 +v,, at about 1390 cm yields for the degenerate
fundamental v,, the frequencies 978.3 cm~ and 982.8 cm = for an inferred

site splitting of 4.5 cm". This should be compared with 5.6 cm™ observed

in the infrared.
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-Table IV _summa.rizes the fundamental ground ‘state frequencies of C.
in a C;D; host crysfal and the site splittings for the degenerate fundamentals.
The g-fundamentals were obtained directly from the emission spectra as false
origins for totally symmetric progressions. For the u-fundamentals both the
values inferred in this wqu from combinations and overtones and the values
observed directly in the infrared are given. The latter should, of course, be
taken for the frequencies of the u-fundamentals. Sixteen of the twenty benzene
fundamentals are therefore accurately known and the site splitting of eight of
the ten degenerate fundamentals is established for a crystalline benzene
epvironment. For comparison, Table IV also includes the vapor and liquid

phase fundamentals.

3. Pcem

The isotope e is pre'sent in natural abundance in the amount of 1.1%.
Thus, roughly 6.6% of any benzene will contain at least one *C atom. For
all the partially deuterated benzenes, more than one isomer with the chemical
‘ -formula mClzCanDs_n exists. The corresponding vibrational frequencies of
| each of these isotopes will be very similar and difficult to resolve. However,
only one isomer 13CmC5H6 exists. Electronic spectra provide a means of
obtaining some of the vibrational frequencies of 13CmCsHG as an "impurity"
“in »the CsH; guest in the C;Dg crystal. This may have a definite advantage
over a conventional infrared spectrum since in an electronic transition the
corresponding vibronic lines are separated not by the vibrational energy
difference, but by the vibratiohal energy difference plus the zero-point
energy contribution. Thus, even if a particular vibrational frequency is
unchanged by introducing 130, the corresponding vibronic lines will be
separated in energy by zero-point effects which may be much larger than

any individual shift in a vibration. In actuality, however, the electronic
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emission specti'a have been only of limited usefulness in these mixed crystals
for several reasons. Although ~ 6% of the isotopic guest is 13C—benzeme,
the *3C to **C phosphorescence intensity ratio is less than 6% since the
transition energy for 13Cl—-benzema lies above that of '~ C-benzene. Thus, at
low temperatures excitation energy transfer to the loweét lying trap, i.e.,
the 12(.’2-benzene, can reduce the relative intensity of emission from the
13(‘J-isc-tope. Definitive assignments of all but the more intense | Y¥c-lines
are further hampered by the intense background of “C-lines along with
phonon structure on very heavily exposed plates.

Since 13CRC,,;H6 has vibrational.symmetry sz: the degenerate
vibrations of 12CGHa are split into a and b components. In the Qi site
the vibrations of 1'Q'CIZCEHG can be furthér perturbed by orientational effects
and thus give rise to further apparent splittings or line broadening. However,
the orientation effects due to one  C-atom should be much smaller than that
for one D-atom since the guest-host interaction is more sensitive to changes
on the periphery of the interacting molecules. The orientation effects for
12CGHBD, discussed in a following section, are in general <1 cm™" and,
thus, are expected to be vanishingly small for 13CH,'CBH(S. Therefore, the
only new vibrational structure anticipated is the removal of the 1ZCGHG
vibrational degeneracies.

A someWhat surprising result for 13CRC,.,HG is that the isotope shifts
from 12CGH6 in the electronic origins of the phosphorescence and fluorescence
are quite different, contrary to the observations for the deuterium substituted

51, 11

isotopes. These shifts to high energy from the corresponding ISCGHS

1

transitions are 3.7 and 7.8 cm™  in the leu - A _ and 3Blu - 1Alg 0,0

1g

lines, respectively. The electronic origin in the singlet transition, as will

be discussed in Section V, is determined from the 0, 0 line observed in
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absorption. The assignment is confirmed by the presence in the fluorescence
spectrum of a progression built on this origin involving a known funda- |

mental22, 23 of 13012051-16, viz. v, of species a;. The mixed crystal value

22

observed for this fundamental is 982. 0 cm"l compared to.a liquid value®™ of

984 cm ™,
The other 13C'mC,.,HG fundamentals assigned with some certainty are

Vs Vsy Vg and v;,. These were obtained from the phosphorescence wherein

a?
they serve as origins for progressions in v,. The 0,0 and 0, 0-p, lines are very
~weak and, thus, were only photographed with the faster, lower resolution spectro-
graph. The bands involving Vga’b are seen in Fig. 2 as a weak doublet to

high energy of the very strong 0,0-y,-nvy progression of 12(3'61-16. The pro-
gressions built on v, and v, are too weak to see on the exposure correspond-

ing to Fig. 2 as is the 13C‘ZCEHB 0,0. The fundamental frequencies are pre-
sented in Table V. The observed ¥ C-shifts are also tabulated and compared

with the shift calculated from Whiffen‘324 force field 'e'mploying the modifica-
tions of Albrecht.,‘?'5 The agfeement between the predicted and observed

shifts for the fundamentals v, v,, v;, and Yoa, b is excellent and generally

within the experimental error limits of 0.3 cm™.

This range is imposéd
mainly by the uncertainty in the phosphorescence electronic origin. The
vibronic bands terminating in the ground state fundamentals are nearly as
sharpas the 12CaH6 lines at the same resolution, confirming our expectations
of a very small orientation effect for 13CIZC,.,HG.

Other lines are observed in both emissions which seem due to
. 13C—benzene, but the analysis leaves some doubt. For example, v, is
expected to be stronger than the assigned v, in the fluorescence (cf. Table
TII). A single line of about the correct intensity relative to v, of ¥ C-benzene

is seen 599.5 cm™ ' from the 1:’C-O, 0. If the v -splitting is greater than

6a, b
about 5 cm'_J.', and if the low energy component is the one observed, the other
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component of .v; would be unresolved from the overexposed v, band of
¥ C-benzene. Two very weak lines are seen in the phosphorescence at 600
and 606 cm™ from the 13C-O, 0 and,' thus, seerxﬁngly support the assignment
" to Vsa, br However, this analysis can not be confirmed by a progression of
v, built on Vea, b" Moderately intense lines are seen in the correct spectral
region in both the fluorescence and phosphorescence emissions, but they
are not easily assignable to Vsa’b + v;. Because of the different ¥ C-shifts
in the phosphorescence and fluorescence electronic origins, the *C-lines
are shifted relative to the “C-lines in the two emissions. Some lines show
the correct shift, but a sufficient number do/c?x? ta.re absent, to make an
analysis difficult. Moreover, Vsa’b + v; is most 1ike1y in Fermi resonance'_
with v, a,b and possibly also Vea,b™ Viz- Therefore, we do not conjecture
a possible assignment for v, a, b even though in the phosphorescence it is

expected to be stronger than the assigned v and present the results for

sa, b’
”sa,b only as tentative.

For the other ‘13012(351-IHD6_n isotopes, which are of course present
- in the other isotopic benzenes, no assignments to ¥C-benzene are made.
However, some of the unassigned weak lines, especially in the spectrum 6f

sym-C,H,D,, could easily be due to **C" C,H,D,.

3. sym-C.H;D,

From the correlation diagram shown in Fig. 4, the active vibrations

in the phosphorescence of sym-C H;D; (point group 9311) are predicted to

’, and e”. However, only vibrations which correlate

have symmetry a,”, e
directly to the active C/H, vibi'ations given in Table III, yi Pus Vs 5 Pau
and vy, or are strongly mixed with them in the lower symmetry isotope are
intense vibronic origins in the phosphorescence. . For the mixing to be strong

the vibrations must have similar frequencies and the same symmetry in the
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free molecule. Thus, as shown by the normal coordinate analysis of
Brodersen and Langseth,26 relatively strong mixing occurs between v, and
Vg Yy and vy, ana vg and v,. Weaker mixing does occur to some extent
among all vibrations of the same symmetry, and in particular in the Qi site
symmetry among all the vibrations of sym-C,H;D,. This latter mixing,
however, does not appear to be very strong since the predicted vibrations
are the more intense. Figure 5 shows a microphotometer tracing of the
phosphorescence spectrum of sym--CGH;‘D3 in crystalline C.D, near the elec-
tronic origin.' All of the observed fundaments serve as false origins for
totally symmetric v; (a;,, 955 cm™ ) and v (@), 1003 cm™) progressions.
The analysis of the sym-C,H;D, phosphorescence out to 0,0- (v, +v,) is
given in Table VI. Some of the lines shown in Fig. 5 are due to

m-C,H,D, and m-C‘GI-IzD‘1 impurities. These were identified from the
phosphorescence of the corres'ponding isotopes in a C;D; host. The
frequencies are not included iﬁ Table VI. The possibility that some

of the unassigned lines migﬁt be due to isotopic impurities other than

the two above has not been investigated.

The vibrational degeneracies in .e.ym—CVGHSD3 s as in C H,, ¢an also
be removed by the low symmetry crystalline field, giving rise to site split-
tings. " Nine of the ten degenerate vibrations have been assigned from the
' phosphorescence and fluorescence spectra, Site splitting is directly observed
.on four ¢’ and two e” (vide infra) fundamentals and inferred for the third
‘¢” fundamental, Voo ‘was obtained from the fluorescence. Because of the
greater linewidth in the fluorescence, the site splitting in v,, could be as
large as 3 cm™" and not be resolvable. For V,e the site splitting must be
<lem™ assuming roughly equal intensities for the two components since

.only one line was observed. . The results are summarized in Table VIL
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None of the three possib‘llé‘-.:a;' vibrations -- v,;, v,,, and v;; ~~- were assigned
from the emission spectra. These were observed in the infrared for
sym-C,H,D, in both C;H; and C,D; hosts and are reported in Ref. 4. Ior
the ground state fundamentals that are seen both in the infrared spectfum |
and in the electronic emission spectra the agreement is within experimental

error except for v,,. The site split components of the fundamental v,, in
the phosphorescence have quite different intensities and the high energy

component of the vibration is too weak to observe in most combinations.

The two components are seen only in v,,and in the doublets tentatively assigned
to v, + ¥, and to vy, + V5, Where the splitting repeats but the intensities be-
come more nearly vequal. This behavior is similar to v, in both CyH, and
sym~-C H;Dg, but for v,, the intensity difference is greater. The more intense
component of v;, agrees with one of the infrared values in az.leD6 host, but
the weaker component differs from the other infrared value by ca. 2 cm™
which is outside the combined experimental errors. The infrared values

for this sym-CgH;D; vibration in the two hosts C.H; and C;D, show larger
than usual shifts (ca. 1 cm™ '), but this borders on the reported experimental
error. Considering the weakness of the high energy component in the
phosphorescence, the assignment to v, may be questioned, but, if this is

not the correct assignment and the other component of v, is unobserved,

then the vibronic intensities of the two components must be greatly different
as v,, is seen as a doublet in the mixed crystal infrared spectrum.

An alternate assignment of the very weak 940.7 cm” component would be

to v, of either one (or both) of the two 18C12C,H,D, species present.

Brodersen and Langseth have assigned a Raman line at 947 cm'l, observed

in liquid sym-Cy H,D,, to ?-=’CJ'~2C2.SI-ISD3 . If the 15C-i_sotope vshift in the phosphor-

escence 0, 0 of 13C12C, H,D, is roughly equal to the 7.8 cm™" 13C-shift seen for



214

13C12C_H,, then the line at Av = 940.7 cm™ becomes Av = 948.5 cm ™ based
on the unobserved 33C-0, 0. This near agreement with the Brodersen and
Langseth value and the weakness of the vibronic line suggests that perhaps
the assignment to 13C is correct. We choose to report in Table VII a site
splitting of 4.1 cm”™ based on (1) the few tentative combinations involving
both components of v,, in the phosphorescence and (2) the observation of

a comparable site splitting in the infrared.

At Av~1100 cm™ the fundamental v, (e’ ) is in reau;ﬁmce with
the combination v, + vy (€’ +a’ + a;7). The strongest two lines in this region,
which might be assigned to v, since this fundamental is expected to be strong
in the phosphorescence, are degenerate with two of the harmonic values for
Viot+ Y16« Since six lines are observed, the vy component of the Fermi-
multiplet is apparently responsible ;for two of these lines; however,
unambiguous assignments can not be made. Similar problems
occur 2270 cm™ to the red of the 0,0. The fundamental v, is expected to
occur in this region, but again overlapping combinations make a unique

assignment difficult especially from the phosphorescence (see Table VI). How-

‘ever, in the sym-C,H,D, fluorescence, as in that of CgH,, the relative vibronic

intensity of v, is increased and, therefore, the lines assigned to v, stand

out more clearly. Of course the higher the energy of the ground state
vibration, i.e., the further it is removed from the 0,0, the more severe
these problems become. Furthermore, for all the isotopes the emission
lines at the same time become broader and an underlying continuum appears.
Thus, the assignments to v, and v,, in the 3050 cm ™" region are the least

certain. As seen by comparing Figs. 3 and 5, the density of lines is less

in the C,H, emissions and these complications are not so prevalent.’



4. C H.D

C¢H;D has vibrational symmetry C,y for a hexagonal carbon
framework. As seen from the correlation diagram in Fig, 4 , degener-
ate vibrations are split into a and b components in this lower symmetry
and all vibrations group theoretically can be active in the phosphorescence
spectrum. However, those vibrations which correlate directly to the
more intense vibrations in the phosphorescence of CyI; or are strongly
mixed with one of these active vibratidnszsagain dominate. For ex-
ample, the b, vibrations v;; and v, are mixed with v, and y,, respective-
ly. For the b, vibrations strong mixing occurs among v, V.5 and v}
and between v; and v,,. Thus, besides the strong vibrations corre-

sponding to those shown in Table III, the vibrations v;;, vi.p, V5 and

L

v;5p also serve as relatively strong vibronic origins of totally symmetricw
progressions. The weakness of the remaining vibrations again suggests
that the molecular symmetry classifications are still approximately

valid in the Qi site.

As a result of this mixing, the actual numbering of the funda-
mentals is somewhat arbitrary in a number of éases. We have generally
followed Brodersen and Langseth, deviaﬁing from fheir labeling scheme
only in one of the more arbitrary cases where the vibronic activity seemed
to suggest a different assignment, i.e., V.1, and v;; are interchanged.

Since there are no degenerate species in point group C,,s site
splitting cannot occur. As pointed out in Section II an apparently similar
and related effect can and does occur. The latter has been termed the
orientational effect.4 The expected line pattern is given in Table I for the

different isotopes for different choices of the effective site symmetry.
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The phosphorescehce spectrum near the electronic origin for 0. 5%
C,H;D in a C;D; host crystal is shown in Fig. 6. Table VIII gives the com~
plete analysis for the measured bands out to 0, 0 - (v, a,b ™ v;). The elec-
tronic origin consists of a pair of lines separated by 6.5 cm™ and all other
vibronic bands are doublets or triplets with a total band width of approxi-
mately 7 ecm™. These general features have been previously described by
NT. They assigned the 0,0 doublet to different orientations of the guest in
the crystal, the 6.5 cm™ ! "splitting" representing the difference in zero-

point energies among distinct guest molecules with different orientations of

* the deuterium atoms in the nearly 921’1 site, Thus, based on each member

of the 0. 0 band vibronic lines appear with energy separations corresponding
to vibrational frequencies. Due to the covmplication‘s of the reduced molecu-
lar symmetry and of the orientational effect, the overall dehsity of lines is
greatly increased in the C,H,D phosphorescence. ‘Therefore, we have
primarily concentrated on the lower energy fundamentals and the more intense -
combinations.

For example, consider the doublet assigned to 0,0-v,(a;) in Fig 6

Each of these represents the subtraction of a quantum of the totally symmetrlc

s — -

mode v, from its respective 0,0 line. NT have been able to show from
concentration studies that for some of the more 1ntense lines, the high (low)
energy member of a vibronic doubleu corresponds to the high (low) energy
member of the 0,0 band. Therefore, in the analysis for v, presented in
Table VII the subtractions are made assuming this correlation holds for all
vibronic bands. Two values are in this manner obtained for »,;, 979.0 cm ™
and 979.4 ecm™*. The difference in these two values results froin the inequiva-

lence of the guest-host interactions when two guest molecules unde;'go the

same vibration in two physically different crystal directions corresponding
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to the two different guest orientations. This apparent splitting, namely

0.4 em™ for v,, is the orientational effect on this vibration for C,H,D in a
C¢Ds host crystal. If this vibration were observed in the infrared or by the

Raman effect with sufficient resolution, it would appear as a close doublet

1 1

with a splitting of 0.4 ¢cm™", instead of the apparent 6.9 cm™ splitting
observed in the phosphorescence.

Since the crystallographic site symmetry is Qi and not th, triplets
are predicted in Table I instead of the generally observed doublets. In fact,
triplets are observed for some bands, e.g., v, and v; in Fig. 6, and
inferred for many doublets since the high-energy line is broader. From
-this and the concentration studies of NT, two of the three electronic

-origins are assigned to the higherlenexl'gy component of the '0, 0.
-In Table VIII this nearly degenerate pair are designated as
.0, 0t and 0,02; the third origin 6 .5 cm ™ to lower energy is
called 0,03."

For the vibronic bands which appear as doublets, the vibrational
energy qua-ntum corresponding to origins 0, 0" and 0, 0* are again nearly
degenerate. If the vibronic band is a triplet, the two lines at higher energy
are subtracted from the assumed'degenerate electronic origins O, 0' and

0, 0° to obtain the respective vibrational quantum for these two guest orienta-

tions. The vibrational energy in the third orientation is obtained by
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subtracting the low-energy line of the triplet vibronic band from 0, 0°. In
this fashion, three different frequencies are generally obtained for a given
‘vibrational mode as shown in Table VIIIL

The results are summarized in Table IX which gives all the directly
observed fundamental frequencies and the orientational effects determined.
The near equivalence of the 0, 0" and 0, 0° orientations is demonstrated by
the fact that only two of the fifteen observed fundamentals show a triplet
structure and thus have non~-zero entries in column 6 of Table IX. This
indicates that the effective site symmetry isvery fxearly th. However, the
effect on the vibrational energy in these two cases is quite large, amounting

to 1-3 em™?

, compared to an average orientation splitting of 0. 7 cm™* between
0,0° and 0, 0°. It should be noted that both poléitive and negative energy shifts
are observed for the orientational effect. Where the fundamentals reported
here overlap with bands observed direcfly in the infrared the agreement is

excellent. No orientation effect has been reported for AVg or v, asitis

a
difficult to coﬁclusively assign all the lines in these regions (1170 and 1575
cm™ removed from the 0, 0 band, respectively). It appears that these funda-
mentals are in Fermi resonance with combinations (see Table VIII). .
Since these orientational effects are all small, it is necessary to
carefully analyze the sources and the magnitudes of the errors and their
propagation in obtaining the final result. The first consideration is, of
course, the validity of the subtractions. These have been made subject to
the following restrictions: the concentration studies referred to earlier and
the fact that where the assignments are unambiguous the orientational effects
are usually small (vide infra and Ref. 4). These considerations lead to the
method of subtraction given above, Besides this fundamental problem,
expérimental errors in line frequencies can distort the final result. Such

an dnalysis leads to an uncertainty in the orientational effect of < 0.5 em™.
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This is a consequence mainly to the three differences involved and round-off
error in the absolute energy of any given vibronic line which is reported

only to +0.1 cm™.

5. p-C,H,D,

For p-CgH,D,, which has vibrational symmetry D, for a hexagonal

carbon framework, the correlation diagram in Fig. 4 shows that all the

g-vibrations a b and b, can group theoretically be active in the

g’ g g
phosphorescence spectrum. Besides those vibrations which correlate
directly to the more active vibrations of C,H,, a significant activity is also
seen of the vibrations v,,p,(by) and v(b,g) Which mix with v,(b,,) and v, 1,(b, ),
respectively. As in C/H,D, no degeneracies remain in the vibrational mani-
~ fold of p-C,H,D,. However, inversion symmetry is preserved in the latter
‘isotope so that in general the same fundamentals are not observed in the
infrared and emission spectra.,

As can be seen from the phosphorescence spectrum of 0.5% p-C.H,D,

shown in Fig. 7, the electronic 0,0 and apparently all other vibronic bands
are triplets. Because of the complex nature of this spectrum, it was not
completely analyzed. A partial analysis of the spectrum is given in the
figure, where the average band width of the triplets is about 13 cm™". The
origin of the electronic splittings and their relative magnitude for various
isotopes has been discussed by!NT. Proceeding as in CH;D, in general
three different frequencies corresponding to ‘0, 01,  0, 02, and 0, 0° are
'obs erved for each vibrational inode summarized in Table X. These bands

are the only ones for which an unambiguous assignment of the orientation

effect could be made.
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V. ‘B~ A ABSORPTION SPECTRA
NWVWVV\&"JWWV\/\MN\M’\

The vibronic absorption spectra of the guest in an isotopic mixed
»crystal also provides a useful tool for studying the effects of the crystal en-
vironment on the molecular energy levels. Not only can some excited state
vibrations be studied but the orientational structure of the 0,0 band can be
observed directly. Unlike the fluorescence, the guest singlet - singlet
absorption spectra can be very sharp in properly prepared crystals. Care
must be exercised to avoid straining the crystal to obtain maximum sharp-
ness.27 In the thicker crystals of C;H; in C,D,, absorption linewidths as
narrow as 0.6 cm™ have been measured. The structure of the guest 0,0
absorption bands is given in Table XI for mixed crystals of C,H,, CyH,D,
p-C,H,D,, and sym-C,H,D, at < 0.005% in C,D, at 4.2°K. This structure
represents the differences in the orientational effects of the ground and lowest
excited singlet states, includix{g both the vibrational contribution to their
zero-point energies and any electronic effect, That i.s', if the net contribu-
tion to the energy of the zeroth vibronic level for a given orientation were
the same for both states and if this were true for all orientations, the 0,0
band would consist of one line. From a comparison of Tables VIII, X, and.
XI one can see that this difference for the leu st 1Alg transition is about
1/5 that of the 3Blu - 1A1 g transition, but in both transitions the overall
splitting for p~-C.H,D, is about twice that for C H;D. For a detailed dis-
cussion of the significance of these differences, see NT.

The thin crystals (~ 20 u) are required to observe the higher vibronic
guést transitions as such absorptions are completely masked by the host
absorption in the thick samples. -Such guest lines are usually sharper than

the fluorescence lines even in these "poorer'" crystals. The vibrational

frequencies obtained from these absorption lines are less significant than
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those of ground state vibrations as excited state levels are more apt to be
shifted by interactions with the host. The excitation exchange interactions
are typically larger for the singlet vibronic bands »tha.n for the ground state

28 With nearby host

vibrational bands and thus quasiresonance interactions
bands could cause a different shift in each vibronic level. A few C.H, in
C,D; levels are given in Table XII from which it can be seen that the v/ site
splitting (2.1 cm™) is less than that of the v (3.1 ecm™). This splitting
should not necessarily be the same as that of the v in a pure C,H, crystal,

which has been reported2‘9 to,be 9 cm ™

, since resonance interactions must
contribute to the splitting in the pure crystal.
Absorptions due to 13C-conta.ining benzene have also been observed

(see Table XI). In thick crystals of about 0. 04% C,H,, considerable fine
structure is seen surrounding the 0, 0 line, The spectrum is shown in Fig. 8
. and analyzed in Table XIII. The additional absorptions are tentatively assigned
to 13C-benzene, 13C,-benzene, and to pairs oﬁ gﬁest molecules in adjacent sites
("dimers" or "resonance pairs''). The line:at 37856.9 cm™ is assigned to
-13C12C.H, based on the presence of a 982 cm h (v;, ;) progression built on this
 origin in the 1By " 1A, g emission spectrum, as described earlier, and on its

. intensity relative to the 12CgH; 0, Oz'absorﬁtion at very low concentrations. The
18C,-benzene assignment is made from an“f‘gnalogy with the deuterium isotope

effect;ll’z1

that is, the 13C,-line is expected to be shifted twice as much as the
3C, -line. Also in analogy with the deuterium effect, the o-,. m-, or p-33C,-
.shifts are expected to be near_ly_ equal (withinll 0% of:one another). The assign-
ment of the line at 37848.6 cm™ to a resonance pair is made on the basis of its

. concentration dependence; that is, its intensity decreases more fapidly than that

of the CyH; "monomer"" absorption with decreasing C;H; concentration. The line

at 37851.2 cm"l, which may also be due to a dimer on a different pair of

. crystalographic sites, has not been shown to have the expected
concentration - dependence since it is
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too near the intense monomer absorption. At the highest resolution employed,
additional absorption lines very near the monomer line are resolved. These
are given in Table XIII, but are unresolved in the lower resolution spectrum
shown in Fig. 8. Their concentration dependence and, therefore, their
definite assignment is unknown. Similar lines were seen for the other deuter-

ated isotopes. The C H,D data is also given in-Table XIII; note the consis~

- -tency of the orientational effects.

It should be pointed out that polafiZed absorption spectra of pairs of
molecules in isotopic mixed crystals allow the magnitudes and relative. signs
of pairwise intermolecular excitation exchange interactions to be determined
directly, and therefore may be quite impqrtant in the interpretation of the pure
crystal spectrum. Within the Frenkel limit, 'assuming short range terms
dominate, these interactions are r_esponsible for exciton mébilities and

Davydor splittings, as well as for the full exciton band structures of

molecular crystals. 30

V1. DISCUSSION AND CONCLUSIONS
From the results presented in the summary Tables, both"site splitfings
and orientational effects are seen to be a general occurrence -in the benzene
crystal. The magnitude of the effects are generally insensitive to isotopic
substitution, u~ or g-symmetry classification, or to the vibration type as
long as the vibration is either in- or out-of-plane. Even the gas-to-crystal
frequency shifts (vide infra) follow this general pattern. However, differ-

ences are seen comparing in-plane and out-of-plane vibrations. Apparent

exceptions for the site shifts are the particular in-plane vibrations v,, v,

Vg, and v;;. However, the anomalously large gas-to-crystal shift for these

.vibrations parallels an anomaiously large gas~-to-liquid shift, while for the
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other fundamentals the gas—toFquuid shifts are very small. This implies
that the gas ~to-solid shifts for these vibrations are due to environmentally
induced interactions among the molecular vibrations, rather than, for
example, repulsive interactions in the solid phase. The average site shift
) for_ the in-plane vibrations is x}ery nearly zero and certainly within gas
phase experimental error (2-83 cm™') for unresolved bands. For the out-of-
plane vibrations the average site shift (solid-gas) is greater than 10 cm™?,
This trend is followed in the site splittings (see Tables IV and vi).
The average site splitting for the out-of-plane vibrations is ~ 7 ecm™ while
the in-plane vibrations have an _average site splitting of roughly 3 cm 1, |
For the orientational effect the distinction between in-plane and out-of-plane
bands is less clear and it appears that the effect is more dependent on the
particular vibrational mode. We note, however, that for 1/16(CC‘L ) the
orientational effect as seen in the infrared4 in C,H,D and p-C,H,D, is the
largest observed. Furthermore, the average maximum splitting among the
orientational components is generally lesé than site splitting.

We suggest that the distinction between in-plane and out-of-plane

24

modes is probably due to the greater vibrational amplitudes“* for the out- .

of-plane‘displacements.‘ This could imply that interaction with the crystal
environment is greater and, thérefore, larger site shifts, site splittings,
and orientational effects result for larger vibrational displacements. For
the lower symmetry isotopes which exhibit orientational effects, the mixing
among vibrations, especially in the gi site, tends to equalize the vibrational
amplitudes. Hence, one might not expect a clear distinction into certain
vibrational classes or types, but rather a general effect larger only for
certain motions with large vibrational amplitudes. |

The site splitting observed in the fundamental v, for C,H, is 3.1 cm™ .
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When totally symmetric additions are made to v,, (v4+v,) + nv; comes into
Fermi resonance with »; + nr; and the measured splitting decreases to
roughly 1.2 cm™* as shown in Table XIV. The assignment of the 'y, compo-
nent" in the Fermi doublet is made by comparison of the intensities of the
members of the Fermi couple with the v, fundamental in the fluorescence
and phosphorescence emissions (cf. Table III and Fig. 3). The decrease in
the measured splitting of v, for C;H; in the Fermi COuple is apparently due
to the resonance. Note, however, that the "lost splitting"
does not appear in the other half of the couple v;. In sym-C,H;D; this same
~ resonance does not appear to be as strong since the observed value for v,+ vy

is closer to the harmonic value. The site splitting in this progression is

m”_"more néarly constant and equals 1.7, 1 .9'and1.5 e¢m * forne=10, 1, gnd 2
respectively. Furthermore, v, in sym-C,H;D,; is split by 1.0 em”.

Even though the site-split components of a degenerate fundamental
usually have very nearly equal vibronic intensities, the fundamentals v, in
both C,Hg and sym-C,H;D; and »;,; in sym-C,H,D, are exceptions. Exactly
how to evaluaté this difference in vibronic intensities is not clear at present.
An unknown amount of mixing and Fermi resonance between the c_omponenté
contributes to the site splitting and, if substantial, these interactions would
tend to equalize the vibronic infensities. Therefore, one might conclude that
for the bands where significant intensity differences are seen such intra-site
interactions are small. The inverse, however, need not be true; that is,
nearly equal intensities does not necessarily imply strong intra-site inter-
actions. It may just be that in these cases the site-split components are
equally good "intensity stealers.' In combination and overtonel bands the
relative intensity of the components is variable. For example, the compo-
nents of (v;4 + ¥y;) and 2v4 in CgHg appear as expected in the phosphorescence,
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but in the fluorescence 2y, differs from this intensity pattern, whereas '™
(vy; + V) does not. Other examples are evident both from the approximate
intensities given in Tables IV and VII and Figs. 2 and 5. Some of these have
been previously discussed.

One would also expect an increased mixing and interaction among
different molecular vibrations. These effects are -expected to show up most
.clearly where they are symmetry forbidden or weak in the molecule but
allowed in the crystal site; For example, for the well known case of
(vg + v,) + ny, interacting with vy _+ nv;, as given in Table XIV, crystal
.effects are not obvibus. However, for sym-CSI-IaD;y16 + 1y, and vy -(see
: 'Fig.‘ 5 and Table VI) and v,, and v, seem to be examples of crystal site
induced interactions. A further possible indication of the magnitude of the

crystal site induced effects can be obtained from anharmonicities. Observing

ny, outto n =95 in the CeH, 'ﬂuorescence, the anharmonic effects are small
| in accordance with the above observations. . The only other vibrations whose
overtones are observed are v,;; and v,,, but in these cases Fermi resonance
in the crysfal site among the three components of the overtone complicates
| the analysis of the anharmonicities. Similar difficulties are encountered in
the combination bands. |
The general conclusion from the gross vibrational structure is that

neither the energies nor the symmetry classifications of the vibrations are
strongly perturbed by the crystal. This is specifically shown by the magni-
tude of the site shifts, splittings, and orientational effects and by the domi-

nance of the e,  vibrations in the singlet and triplet spectra. The most

g
pronounced effect of the crystal is the appearance of the 0, 0 pro-gressions
in the two emissions.. This, along with the observation of site splitt_iﬁgs,
indicates that the molecular symmetry is not strictly Dsh, but these

effects could correspond to-very small molecular distortions.
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Caption for Fig. 1.

Modified "Bridgman-type" sample cell."
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- Caption for Fig. 2.

Microphotometer tracing of a lower resolution
plate of the C;H; phosphorescence. The bands
labeled "a" are due to 33C*2C, H; and discussed
in the text. |
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Caption for Fig. 3.

Microphotometer tracing of the 0, 0-v; and 0,0-v,
C.H; phosphorescence lines at the highest
resolution employed.
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FIG. 4. Correlation diagram for the groups of

benzene isotopesa.

C,H,D  p-C.H,D, OX, ., sym-C,H,D,
- Gy ' Don Den Dap

-8, (%)

oy ()

]:)3g

| ‘ b, (2)

4z-axis always perpendicular to the plane of molecule; y-axis

| through 'C;; and x-axis between C, and C;.

N



Caption for Fig. 5.

Microphotometer tracing of a lower resolution
plate of the sym~-C,H,D, phosphorescence. The
bands labeled "a" are from a plate exposed 1/20
as long as the rest of the spectrum; "b" denotes
bands assigned to m~-C,H,D, and m~-C,H,D,
impurities. ' ‘
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Caption for Fig. 6.

Microphotometer tracing of the stronger bands
of the C;H;D phosphorescence. The v, a,b bands
are taken from a plate exposed'l/5 as long as
the rest of the spectrum. Lines under the

trace indicate assignments.
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Caption for Fig. 7.

-Microphotometer tracing of the stronger bands
of the p-C;H,D, phosphorescence. The vy region
is taken from a plate exposed 1/5 as long as the
rest of the spectrum. Lines under the trace
indicate assignmentsv.
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Caption for Fig. 8.

Microphotometer tracing of the CyH; electronic
origin at two concentrations in a 2 mm. thick
CyD; host crystal. See Table XIII for the

frequencies.
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TABLE I. Number of possible orientations for benzene
isotopes in sites of different symmetries.

© Molecular Site Symmetry

Molecule © Symmetry o Cs th th
L :

¢ B 1 1 1 1
C.D; .
sym-C,H D, D.h 2 I 1 1
p-C,H,D, D.; - 3 3 -
C H,D
o-C,H,D :

il Q.. 6 3 g*2 9

m-C,H,D,
vie-C H;D,
asym-C,H,D, g, 12 6 623 3

@Plane of the site same as the molecular plane.
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TABLE III.  Relative intensity estimates for the stronger vibronic
origins in the C H, phosphorescence and fluorescence

spectra.
ﬁ . . 3 1 1 1
Symmetry Vibration B;u g Al o Bzu -3 Alg
ezg Vg L _ - 100
vy " - -3
vyt 100 - 20
Yy _ 25 ' 3
2 1 3
ViatVie - <1 5
b, o Vg 1+ <l
e s .
Vs, T 1
elg Vlo < 1 Fa—
0,0 1 b

4Uncorrected for Fermi resonance with vg + v,.
Due to appreciable reabsorption, no relative intensity

estimate is given.
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TABLE IV. Summary of C,H, data (cm™).
Dsh ‘Vibration Fundamental frequency
symmetry number b - ; d Site
class = and type®  gas liquid solid” - splitting
ag v,(CC) 995.4  (993) . 990.5
(3073) (3062) 3063. 3
8g vo(H')  (1850) 1346
By ch (707) (707) 704. 9
| H+) (990) (991) 1004. 9
- v(c'y 60840 (606)  606.3, 609.4 8.1
v,(CH)  (3056)  (3048)  3042.0, 3047.5 5.5
v(CC)® - (1590) 1586 1584, 2 <0.3
vo(HY  (1178) 177  1194.8,,1174. 8, 0.5,
&g vy o(HT) (846) 850 862.5, 869.3 6.8
- v,y (HD) 674.0 675 696. 9
[697]
by v,cly  (@o10) 1010 1011.3
[1011]
v,o(CH) - (3057)  (3048)
B v,,(CC) ~ (1309) 1309 1382, 8
[1313]
CueEY) (1146) 1146 . 1146. 9
| ' [1147]
exu vie(CH) 398.6 404 404.8, . 413.0 8.2
' ' [404, 413]
vy, (H) (967) 969  978.3, 983.9 5.6

[978, 983]




TABLE IV. (Cont'd)

281

Qsh Vibration Fundamental frequency
symmetry number b " Site
class and type gas liguid solid splitting
ey v (H) 1037 1035  1034.8,1038.6 3.8
| [1034, 1038]
vo(CC) 1482 1479 :
v,o(CH)® 3047 3036

4The vibrational numbering for this and the other isotopes
follows Refs. 17 and 26.

b

calculated values.

Cref. 18.
d

Taken from summary given in Ref. 26. ( ) indicates

The freQuencies of the u-fundamentals are from Ref. 4. The

values inferred from the u.v. spectra, rounded-off to the nearest

-1 y 5
cm , are given in parentheses.

€Uncorrected for Fermi resonance.
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TABLE V. Some observed and calculated fundamental
frequencies of *C™*C.H,

C"C,H, fundamental av(*c-"¢)
frequency (cm _1) a observed P predicted 5
v, ,982.0 - 8.5 8.4
v, 702.0 SR 3.5
v 1003. 8 1.1 1.0
1174.6 0.0 - 0.3
b {1172.6 2.0 2.4

& The experimental error is 0.3 cm ™.

PThe mean of the site-split fundamental v, of °C,H, was used
- to calculate the Av observed.

cSee text.
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- TABLE VIL Summary of the sym-C,H,D, data (cm ™)

syrx?xfllétry . Vibration F;ndamentz;l frequency " Site
class number gas liquid solid splitting
a/ vy (956) 955 954, 6
v, _ (3074) (3062) 3046. 3
v, (1004) 1003 . 1002.9
Vi (2294) - 2282 2281. 4
g g 697 697 703.9
| Vs 917 918 927.8
v, . 531 533 546. 2
o Ve 594 594  591.8 593.5 1.7
| vy 2282 2274 - 2269.0 2274
Vg 1580 1575  1571.2 1572.2 1.0
Ve 1101 1101 FR
Vis 833 833 831.5  834.6 3.1
v, 1414 1412  1410.8 &1
v, 3063 3553 3060. 6 <3
e’’ By (707) 711 718.2 T22.7 4.5
v  (370) 375  [378] [387]  [8.5]
Vg (924)  (926)  936.6  940.7 4.1¢

9 Ref. 26. Values in parentheses are calculated.
P Not corrected for poésible Fermi resonance (FR). Values in
brackets are inferred from combinations. -

Csee text.
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Table XI. 1B2u4—-—-lAlg Electronic Transition Energy for Isotopic
Guests in a CgD, Host Crystal at 4. 2°K.

mixed crystal® (cm™) , gasb (cm™)
12CgH _Dy-p O H, D o ke s T
| CeHa 37853. 3 ~ 37856.9 38086. 1
37885. 2  37888.8
Kkl 37884.0  3788T.7 dil24
p-GHD, - 333133 ) 38154
sym=-CgH;D; 37947. 9 37951.4 38184

@ Uncorrected for interaction with the C;D; host.

Prne CeH; value is from Ref. 18. For the other isotopes the

0,0 is taken from Ref. 21.

X ‘M o
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Table XII. Analysis of the lBau«—— lAlg Absorption Spectrum of
1% C,H, in C,D, at 4. 2°K.

?\a.ir Vi AV Assignment = Gas
. AV
2641. 00 - 37,853.3 0 0-0
2605, 34 38,371.3 518.0} Y . 522.4%
v
2605.20 - ° 38,373.4  520.1 e
25717, 89 38,779.8  926.5 = v’ | 923P
2543, 9 39,297(b) 1444 v+
‘3Ref. 18.

o P M. Garforthand C. K. Ingold, J.Chem. Soc., 1948, 417 -
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Table XIII. Structure Observed Near the Electronic Origin for CiH;

and C;H,D at Higher Concentrations in a C,D, Host.

Col,! CeH,D
vem I Assignment vem 1 Assignment
‘a¥ 37,860.9 w 1sC12C,H, | 37,892.5 w
‘ 18C,12C, H.D
37,891.6 w
b 37,856.9 s 13C C,H, 37,888.8 s -
‘ : 13C12C,H, D
37,887.7T s
e ~37,'854.1 | w,sh —
d  37,853.3  vs - . Monomer 37,885.2 Vs
' ' o : Monomer
37,884.0 vs
‘e 37,852.3 w s
£ 387,851.2 w 37,882.17
37,881.8
: Resonance ‘ Resonance
o 37,848.6 w o 37,880.0 w,b i

To. 04% guest in a ~ 2 mm C,D; host crystal.

ISee Fig. 8.
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 Table XIV. Change in the 1600 cm™ v, and v + v, Fermi Couple

Splitting-with Totally Symmetric nv;, Additions

n Vg +v (¥ + V) +nv, Site Fermi splitting
(™) (cm-l) splitting (cm™)
(cm™) solid®  gasP
0  1584.3  1602.8 1.2 19.1 20
1604, 0
1 2568.1  2594.3 1.2 26.8 26
. 2595.5 '
2 3551.6 | 3583.5 1.3 32,5 31
| 3584.8 ' '
3 4534.1 4571.5° ' 37. 4 37
Vg 606.3 3.1
609. 4

4The mean of the split (¥, + ¥,) + n¥; component is used to
calculate the Fermi splitting. ' ‘

..PF. M. Garforth, C. K. Ingold and H. G. Poole,
J. Chem. Soc., 1948, 427. |

CThis band is too weak to observe any splitting.
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THE GUEST PHOSPHORESCENCE LIFETIME IN ISOTOPICALLY
MMWWAAWVWWWMWWVWW
MIXED BENZENE CRYSTALS.

The benzene phosphorescence lifetime has been previously
measured in glassy media 1 and in low molecular weight condensed
gases. 2 We*have measured the lifetime of several isotopic benzenes,
each as a guest in a C;D, host crystal at 4. 2°K.

All experiments were performed by isolating individual vibronic
lines with either a 1.0 or 1. 8 meter Jarrell-Ash spectrometer. In
general, a minimum of two separate determinations on each of two
different vibronic lines was performed for each lifetime reported. The
vacuum-line distilled and degassed samples were prepared as described
earlier in Part III of this thesis. Purification3 with metallic cesium
did not change the phosphorescence lifetime. The exciting light was
either a low energy xenon flash lamp of 20 usec duration or a |
mechanically shuttered ¢. w. mercury or high pressure xenon lamp.
All light sources yielded identical triplet decay times. The phosphorescence
intensity was monitored from t = 0.1 sec tot =40 sec with an oscil-
loscope and decayed exponentially in all cases.

As shown in Table I, the triplet lifetimes of the isotopic
benzene guest in a C;D, host crystal are independent of the guest and
its concentration for less than about 1% guest by weight with a total
average lifetime T = 8.7 sec. For higher guest concentrations, the
triplet lifetime decreases and presumably becomes nonexponential due

to rapid triplet~triplet annihilation as has been previously reported.

*The author acknowledges the collaboration of S. D. Colson in this work.
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Table I. Phqsphorescence Lifetimes of Isotopically Mixed Benzene Crystals

‘ a
host guest weight % T

guest (sec)

CoDs C,H, 0. 82 8.1

0. 093 8.5

0.014 8.7

%o 1 C,H,D 0.94, 8.5

‘ 0.15 8.5

0..013 8.6
38 5 8 p-CeH,D, 0. 86 8.6
' ' 0.16 8.9

0. 016 8.9

G, sym-CgHgD, 1.05 8.7
' ' 0. 22 8.3

0. 0088 9.0

sym=-CH;D, C.H. . 0.008 8.4

2:0.2 sec
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The only other determination at 4. 2°K yielded lifetimes of 16 sec and

26 sec for C;Hy and CGDS,' respectively, when the respective isotope

was trapped in low molecular weight solidified gases. - Robinson and
Frosch 2 have suggested that the phosphorescence lifetime of a perdeutero
compound is very nearly edqual to the actual radiative lifetime TR , the
shorter 7 for the protonated species being attributed to a decreased
nonradiative lifetime "NR from Franck-Condon arguments. This has
been confirmed for benzene by the quantum yield measurements of L1m 6
The arguments of Robinson and Frosch would predict a monotonic
dependence of the radiationless rate on the number of deuteriums
present, which is in agreement with the experimental‘ observations of
the benzene phosphorescence lifetime in glassy solutions at 77°K7
and of the naphthalene phosphorescence lifetime in perdeuterated
durene. 8 Thus, both the magnitude of the benzene triplet lifetime,
8.7 sec, and its constancy with partial deuteration suggest anomalous
behavior in the crystal.

The results imply that the tripiet lifetime is entirely crystal
determined, either by a shortening of the radiative lifetime or by an
unknown radiationless mechanism. The usual nonradiative process
for depopulating triplet states can be eliminated. From the absence
of a concentration effect and the constancy of the lifetime for different
excitation conditions and degree of purification, impurity or photo-
product quenching and triplet-triplet annihilation are ruled out as
possible meéhaniéms for shortening the lifetime. Appreciable inter-
system crossing to the ground state is apparently also eliminated by

the absence of a deuterium effect. Moreover, Hirota and Hutchison
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‘have found that the naphthalene triplet lifetime generally lengthens
with complete deuteration of the durene host; which they attrivbute toa
decrease of the intersystem crossing rate. It seems reasonable to
assume that the C,;D4 host behaves similarls}. As seen from Table I,
the phosphorescences lifetime of 0. 01% C.H, in 1, 3,5~C,H,D, host is
(8.4+0. 2)sec, which is equal to the mean lifetime of 8.7 sec observed
in the C,;D; host within our 'exper‘imental error. If a host effect is present,
it appears to be in the correct direction. However, from our data we |
. can only conclude that degree of deuteration in the host is also not rate
determining at 4. 2°K. If the radiative lifetime is shortened from
26 sec to 8.7 sec in the crystal, it is easy to account for the absence
of a deuterium effect. Namely, the nonradiative rate is sufficiently
small relative to the radiative rate even for CsHg that a further decrease
in the nonradiative rate from deuteration does not measurably affect the
overall triplet lifetime.

We can not at this time definitively identify the process by which
‘the lifetime becomes ''crystal determined'. However, it is interesting
to note that the - triplet‘é.tate in the crystal has been shovvng td have
- an effective symmetry lower than Dy, such that the benzene phosphorescence
is no longer orbitally forbidden. The remaining spin forbiddence can
be formally removed in the lower symmetry by a direct spin-orbit
interaction with a dipole allowed singlet state. In addition, other
vibronic mechanisms 'group theoretically forbidden for the free molecule
can occur, Thus, there are reasons one might expect the radiative -

lifetime to be shortened.
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PROPOSITION I

Although relatively slow vibrational relaxation in simple
van der Waals solids has now been established, no quanti-
tative measurement of the kinetics have been obtained.
We suggest the systems OH and CN in solid matrices for
further study of vibrational relaxation in excited electronic

states.

The work described in Part II of this thesis shows that vibra-
tional relaxation in excited electronic states of diatomic guest molecules
in solid hosts can be quite slow. However, this work suffers from the
inadequate manner in which the data can be treated and many questions
surrounding vibrational relaxation in solids remain unanswered. The
most obvious are (1) the manner in which the relaxation rate changes
with vibrational level, (2) the importance of Av = 2 transitions, and (3)
the dependence of the relaxation‘rate on the vibrational quantum. We
here suggest two systems wherein these questions may be answerable.

One of the major difficulties in the earlier work arises from the
use of X-irradiation to excite the diatomic emission spectrum, since
the excitation mechanism can be quite complicated. The kinetics for the
relaxation greatly simplify if only one vibrational level of the excited

electronic state is initially populated. This condition can be experi-
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mentally chosen in an allowed band system by absorbing directly into
only one level of the excited state.

The A223+ —_ XZI]i system of OH is an allowed transition for which
emission from v' > 0 is seen in solid Ne at 4.2°K. Some preliminary
work on this system using X-irradiation fo excite the emission spectrum
is described in this thesis. It is proposed that the intensity of emission
from various v' in the A2 %" state be studied as a function of the vibra-
tional level initially excited by direct absorption. The Franck-Condon

1 for this system are such that v' = 0,1,2, and perhaps 3 can

factors
be reasonably populated by absorption from the v'" = 0 level. Moreover,
all strong emission bands, except for the 0,0 band, occur considerably
to lower energy. Therefore, filtering problems are minimized.
A second diatomic, from which emission has not been reported
in solid matrices, is the cyanogen radical. CN has two well-known
allowed band systems which connect with the ground state: A2H - XZE+
and B223+ — X22+. - Both of these have been seen in absorption in an
Ar matrix.3 The red system A —+»X lies in a difficult spectral region
for this study (v,, = 9114 cmﬁl), but the violet system B~*X (v,, = 25798 cm-l)
can probably be excited in emission. The latter system involves a very
small change in intermolecular distance and, therefore, the strong bands
of the system involve the Av= 0 sequence. However, published Franck-
Condon factors 4 suggest that v = 0,1 and perhaps 2 can be reasonably
populated. A more serious problem is the small change in We between
the ground and excited states, which means that members of the strong

Av = 0 sequence lie close together (~ 10 A) and, thus, cause a filtering

problem. This is much less serious for the red system of CN and for

OH.
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The experimental procedure to be employed for either diatomic
suggested can be generally outlined as follows. H,O - Ne or HCN-
rare-gas mixtures are deposited onto a liquid helium cooled optical
window. OH or CN is formed in situ by photolysis with ultraviolet
light, whose wavelength is chosen to give the products desired: 7
A< 1860 A for OH ) and A < 1810 A for CN.5 Alternately the system
can be prepared by photolysis in the gas phase during depositibn of
H,O, or C,N, plus matrix gas. This may have the advantage of

producing only OH and CN,

H,0, + hv — 2 OH D(HO—OH) = 2.12 eV
C,N, + hy —» 2 CN D(NC—CN) = 6.26 eV

whereas photolysis of H,O and HCN in the rare gas solid leads to H-
atoms which may diffuse through the solid. Photolysis of H,0, or C,N,
in situ is expected to be less effective since the OH and CN formed in
the decomposition may not be able to escape .the matrix cage. A third
method of producing the radicals would be a microwave discharge.

A given vibrational level of the upper electronic state is then
continuously populated by absorption of monochromatic light while
the steady state intensities of emission bands originating from various
v' is simultaneously recorded photcelectrically.

The data obtained can be related to the relative populations of the
various excited state vibrational levels and, thus, values of the vi-
brational = relaxation rate as a function ‘of vibrational level in

the excited electronic state determined. The kinetic



282

equations for such a system are discussed earlier in this thesis. In
brief, by populating the level v' = 1 and measuring the relative intensi-
ties of emission from v' =1 and v' = 0, the vibrational relaxation rate
for v' =1 — v' = 0 can be determined ifkthe radiative lifetime as a
function of vibrational level is known. The radiative lifetime of the

E and red - systems of CN are

A-X syétem of OH e and the violet
known for the free molecules. It is a reasonable assumption that these
are not appreciably perturbed in solids and that they do not vary with
vibrational level since the transitions are allowed and the internuclear
distances for the two states are nearly the same. By next exciting v' = 2
and monitoring the emission from v' = 2,1 and 0, the relaxation rates for
2 =1 and 1 — 0 are obtained. Clearly the rate for 1 — 0 must agree in

the two determinations. If they do not,. multi-quantum jumps are strongly
suggested. These can be incorporated into the relaxation kinetics and
their rates determined.

The big "if'" in the proposed investigation is whether emission will
be seen from lower vibrational levels when excitation is carried out into
higher vibrational levels. If the vibrational relaxation rate is very slow
relative to the electronic radiative lifetime only resonance emission
will be seen and, therefore, only a rough limit to the relaxation rate
obtained. In this case it may be possible to increase the vibrational
relaxation rate significantly by changing the solid host. For example,
by using CO, or other polyatomics for a matrix, near resonances

between the guest and host vibrational levels occur and the relaxation

rate may be greatly increased.
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PROPOSITION II

It is proposed to investigate the crystal electronic
spectrum of p-benzoquinone and search for either ab-
sorption or emission involving vibronic states arising

from interaction between the two carbonyl groups.

Two chromophoric groups or molecules at finite distances can
interact and, thereby, remove the twofold degeneracy of the excited
states of the pair. This kind of interaction gives rise to the well-
known Davydov splitting in molecular crystals. 1 As a limiting case
of a "crystal with only two molecules", McClure 2 has studied the spectra
of molecules containing two benzene moities connected by -(CHz)n-
groups (n=10,1, and 2)_. The spectra were explained by considering
excitation exchange interactions between the benzene rings.

Similar interactions are expected in smaller molecules which
contain two identical chromophoric groups. The experimental con-
firmation of this expectation is, however, limited to only one observa-

8 have observed additional absorption

tion. El-Sayed and Robinson
features to low energy of the 3200 A system of pyrazine at low
temperatures which they assigned to the symmetry forbidden component
of the lowestqr)k - n transition. Herzberg 4 has questioned this
interpretation, while Cohen and Goodman 2 have recently employed the

ordering of states suggested by El-Sayed and Robinson to explain

radiationless transitions in the diazines. In light of its singular
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importance, a re-examination of the solid spectrum of the diazines
is indicated. An alternate approach, although not designed to settle
the above controversy, is to search for absorption to the two
components in other similar systerﬁs expected to show this type of
splitting. We, thus, propose to investigate the absorption spectra
of p-benzoquinone at low temperatures.

The pure crystal spectrum of p~benzoquinone has been in-
vestigated previously under low resolution at room temperature b

and at 20°K. *

The strong bands observed by Sidman T at 20°K
correlate well with the recent high resolution analysis of the visible
spectrum of the free molecule by Hollas. 8 Two transitions are seen

in the visible: “Aj — A;gat~ 5500 Aand ‘B, — ‘A, at~5000 A.

1
8
%
Both are assigned as 7 =-n.
In the simplest approxima’cion,‘6 thése states arise from the

" following electron configurations:

. 2
A coeon n_ 75 (b — bzg)

u
bg)

Big s e M B (bgy = by,

where 7 is the lowest unfilled m-orbital and

1
n, = ~—(n,+n,)
+ ‘\/“2 1 n2

are the pair of n-orbitals resulting from the degenerate nonbonding
orbitals on the oxygen atoms. Thus, besides the transitions assigned

1 1
by Hollas, 3B - YA and Au - A, are expected. The purpose of

1g g
this proposal is to search for these states, which are anticipated to

be nearly degenerate with the observed states. The degeneracy is presum-
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ably removed by a small interaction between the two equivalent carbonyl
groups.

Hollas reports no evidence for the lAu -~ 1A1g transitions in
the gas. Sidman's crystal spectrum is less clear. Although he does
not consider this transition, many weak lines in his spectrum are
unassigned, even in light of the more recent gas phase analysis. |
Moreover, many lines are assigned to phonon additions, some of
which appear with an intensity greater than the no-phonon line. In
particular, all phonon addition lines are weaker than the correspdnding
vibronic line except for the two bands near the first false origin.
This apparent additional absorption may possibly represent unreéolved
structure due to the other component of the lowest 11* - n singlet

L 1
transition, i.e., A - Alg. This observation of Sidman's spectrum

u
was apparently first made by Hollas, who suggested that this region
of strong absorption may be the region of the 1Alu - 1A1g system.
Assuming this to be the origin,a splitting of the ‘B,, and A states
of 200-300 cm  in the crystal is implied with the B, ; state lower in
energy. '
This conj ecfure may, however, be in error for the following
reasons. The lAu cae lAlg system is forbidden in the free molecule

and requires b or ng vibrations to gain vibronic intensity.

g’ bzg
Although it does become group theoretically allowed in the C i site 9
of the p~-benzoquinone crystal, it most likely will still give the

appearance of a forbidden system made vibronically allowed. Therefore,

the tentative splitting given above may be too large by the energy of
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the perturbing vibration and may Iin fact even invert the energy
ordering of the two states.

Another observation by Sidman seems to suggest that the lAu
state is at lower energy, viz., no emission was seen from ''crystalline
p-benzoquinone at 20°K, or in a glassy solution at 77°K, when illuminated
with either blue or ultraviolet light." The recent mechanism for
radiationless transitions in diazines suggested by Cohen and Goodman
would qualitatively predict this observation if the 1Alu state does lie
beneath the 1B1g state. However, the emission spectrum should
certainly be reinvestigated since this could aid in establishing the
existance or nonexistance of lower lying states.

Extension of the above suggested studies to the spectrum of other

molecules containing two carbonyl groups would also be of interest.
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PROPOSITION III

As a means of studying the bonding in alkali halide
dimers, it is proposed to investigate the infrared spectrum

of mixed alkali halides.

In the vapor most of the alkali halides form dimers, and in
some cases even trimers.1 The actual structure of the dimers have
been investigated only for some of the lithium halides where electron
diffraction measurements indicate a planar rhombic structure with
D,y s;,rmnmetry.2 The structures of the dimers of the other halides is
not known with certainty, but they are thought to have similar geometr:ies.1
Klemperer and Norris 3 have assigned two gas phase infrared
absorptions to the dimers of the lithium halides, but the vibrational
frequencies could not be accurately determined because of the large
bandwidths that result from the high temperatures used to obtain a
sufficient concentration of dimers in the gas phase. In addition a
series of workers & have investigated the infrared spectra of lithium
fluoride dimers in matrices at low temperatures. Much sharper
lines are obtained and a more nearly complete analysis of the spectrum
in terms of the species present and their geometry is possible.
However, even in the most recent matrix study the vibrational
analysis is incomplete since only three vibrational modes are assigned,
whereas a tetratomic non linear molecule has six normal modes. The

reason for this is of course clear if the lithium halide dimers belong
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to point group ch’ namely only the three u vibrations are infrared
active.

The frequencies for the alkali halide dimers have been theoretically
calculated by Berkowitz 8 on the basis of an ionic model. The agreement
with the three known frequencies is fair (~ 25%), but this is certainly '
an inadequate test of the potential used. To obtain a better understanding
of the binding in these dimers, one would like to have more of the
vibrational frequencies.

A systematic study of the infrared spectra of mixed alkali halide
dimers which contain either a common anion or cation is proposed.
These have not been observed by infrared spectroscopy although it is
known, for example, that in the LiF-NaF system the vapor consists
mostly of LiNaF, when the LiF-NaF composition of the melt is about

1:1.6

The mixed dimers have lower symmetry than the pure dimer
and,therefore, an accordingly greater number of infrared active modes.

Assuming that the planar rhombic-type structure is carried over
to the mixed dimer, the symmetry is reduced to QZV and all vibrational
modes become infrared active. Thereifore, a complete vibrational
analysis is in principle possible, The ionic model of Berkowitz can be
extended to the mixed dimer and the comparison between observed and
calculated frequencies for a series of mixed dimers would serve as a
sensitive test for the model potential.

As indicated above, two techniques are available for studying the
infrared frequencies of these molecules, involving two temperature

extremes. The low temperature trapping technique: is probably required,

at least as a check, in the proposed work since the bandwidths at high
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temperatures will be broad and, therefore, it will be difficult to separate
the features due to different species. A combination of the two tech-
niques is undoubtedly best. Thus, the frequencies and assignments
obtained from the low temperature' study can be compared with the
unperturbed gas phase spectra. The samples are prepared for low
temperature infrared investigation as follows.4 A Knudsen cell
containing the salt (or salts) is electrically heated to obtain a vapor
pressure of a few microns. The gases effuse from the cell and are
mixed with a matrix gas subsequent to deposition on a low temperature
infrared window. The gas phase spectra are recorded employing
phase sensitive detection to reduce the strong infrared emission at
high temperatures.3

The monomer and some dimer frequencies for the alkali halides
are known so that the dimer frequencies for some of the mixed halides
will probably be easily identified. Varying the relative salt concentration
in the Knudsen cell will aid the identification and, of course, the spectrum
of the individual halides can be obtained separately for comparison in
those cases where the pure alkali halide frequencies are unknown. In
the gas phase monomer and dimer bands can be distinguished using a

double-oven technique. 3
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PROPOSITION IV

It is suggested that the nuclear quadrupole resonance
spectra of the halogen nuclei in crystalline addition

compounds of the type 1, 4-dioxane- 2IC1 be investigated.

Certain chemically "'saturated'" molecular species combine to
form solids whose composition is a simple molecular ratio of the
component molecules. A well known and often studied example is the
1:1 solid complex between Br, and benzene. The binding in these
complexes is usually described in terms of "charge-transfer' from
the donor to the acceptor component.l’ e

A series of complexes which have received relatively little
attention, but which seem well suited for a comparative study, are the
crystalline addition compounds formed between halogens and ethers.
The available crystal structure determinations . for these complexes
have shown that the ""charge-transfer' bond length is considerably
shorter than the sum of the van der Waals radii and that the halogen-
halogen bond length is typically longer than the bond length in the free
halogen. The crystallographic data thus imply that bonding occurs
between the ether oxygen and the halogen, and has beeh interpreted3
in terms of charge-transfer from the non bonded ether electrons to
the halogen. The bond lengths and crystal structures further imply
that the strength of the interaction increases in the order Cl,<Br,<

1,<ICl for the halogen, but the data are not yet complete.
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As particular examples, we consider the addition compounds
formed between halogens and 1, 4-dioxane, 1, 4-dithiane, and
1,4-diselenane. The 1,4-dioxane-Br, or Cl, crystal contains "zigzag"
chains of alternating donor and acceptor molecules and the participation
of one halogen atom in a bond to the ether oxygen does not appear to
influence the ability of the other halogen atom to form a similar bond.
However, in the stronger complexes between the corresponding thio-
and seleno-ethers and I,, only one iodine atom is bonded to the ether
and the complexes contain the molecular species in the proportion
1:2, e.g., 1,4-dithiane- 2I,. A similar 1:2 complex results for
dioxane and ICl with the ether oxygens linked to the iodine.

To further characterize the nature and the relative strength of
the bonding in these complexes, the nuclear quadrupole resonance
spectra of the halogen nuclei would be useful. Examples of the appli-
cation of quadrupole coupling data to investigate intermolecular bonding

2 but these examples all

in the solid state are given by Das and Hahn,
relate to neat crystals. A study of complexes involving aromatic
donors has been reported 3 and interpreted in terms of very weak, if
any, charge-transfer, as might have been anticipated from the
crystallographic results for these particular complexes.6
On the other hand, the addition compounds of n-d;)nors with
halogens show strong evidence for intermolecular interactions in the
solid. It is, therefore, of interest to obtain the halogen coupling
constants in these complexes and attempt to relate the values for a

series of complexes to the bonding.
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The pertinent theory will be briefly outlined for the example
addition compound 1, 4-dioxane- 2IC1. The structural data discussed
above imply that this is one of the more strongly bound complexes, so
that the effects should be near maximum. The nuclear quadrupole
coupling constants for **'I and for *°Cl are known for ICI1 both in the
gas pheise7 and in the pure solid8 and, therefore, the observed
frequencies for the complex can be compared to uncomplexed ICI.
Moreover, the iodine and chlorine resonances are expected to be well
separated in frequency. The above considerations at least in part
apply to all interhalogens and point out the advantages of using an inter-
halogen instead of a halogen for a nuclear quadrupole resonance study
of the 1:2 addition complexes.

In the complex the atomic grouping O-I—Cl is linear and
directed in the equatorial direction with respect to the 1, 4-dioxane
molecule. Considering only the fragment O-I—Cl and assuming the
field is symmetric about the linear axis, the quadrupole energy levels

are 4

_ ©°Qq z_
Wy = 41(21_1)[31\/1 I(I+1)].

C1*® has a nuclear spin I = % and only one line results in the quadrupole

spectrum at a frequency

_ &Qq
- 2h

corresponding to M = i% - & §__ Two frequencies are obtained for

2
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I'*" which has I = —g—, and these are given by

3e2Qq b 3

1 20h ) 2
3e?Qq 3 5

@2 10h M 2 2

Thus, for a given nucleus with quadrupole moment eQ, the

transition frequencies are determined by

2%V
9 z2

€q

where z refers to the unique axis and V is the electrostatic potential
at the nucleus due to the surrounding charges. We, therefore, must
inquire into how q changes in the complex relative to the uncomplexed
ICl molecule. Das and Hahn review and discuss the factors influencing
dq.
The complex may be roughly approximated as a resonance

hybrid of the structures (a), (b), and (c), where all groups attached to
the oxygen and all oxygen electrons except for the equatorial lone-pair

are neglected.
O: I-Cl (o-1" c1” o' (1-c1)”
(a) (b) (c)
In (a) no intermolecular bond exists, and the ICl molecule approaches

the case of an oriented gas. Therefore, the quadrupole coupling

constants for both I'*" and C1* are expected to have roughly the free
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molecule values. In the full charge separation implied by structure
(b), the chlorine ion has a completely closed, spherically symmetric
valence shell and the quadrupole coupling vanishes. Thus, the larger
the contribution made by structure (b) to the total wavefunction of the
complex, the greater the lowering of the Cl resonance frequency.

The 1'*" coupling in structure (b) would seem to increase from the
value in ICl due to the larger electronegativity of oxygen compared to
chlorine and the formal positive charge, if the hybridization about the
iodine does not change. Structure (c) represents the "dative-bond"
structure in charge-transfer theory and is intermediate between (a)
where no bond exists and (b) where the interaction is sufficiently
strong to form an oxygen-iodine bond.

Clearly the above discussion is highly qualitative, but it does
indicate the type of changes expected in the quadrupole coupling with
intermolecular interactions. By comparing the observed changes in a
family of related complexes, trends may be ascertained which might
allow a more quantitative discussion of the bonding. It is, therefore,
proposed to investigate the nuclear quadrupole resonance speactra of
the halogen nuclei in the crystalline addition compounds of 1, 4-dioxane,

1, 4-dithiane, and 1, 4-diselenane with the interhalogens and halogens.
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PROPOSITION V

Recent work has shown that molecules are
preferentially oriented in deposited solids. It is
suggested that this be further investigated and applied
to obtain the electron spin resonance spectra of CCO and
NCN. |

Recent observations by Kasai, et 9_1_.1’ .

demonstrate that
radicals in solid matrices at low temperatures can have preferential
orientations with respect to the substrate. For example, NO, was
found from electron spin resonance (ESR) studies to be not rotating
and to be oriented mainly parallel to a planar sapphife substrate in a
Ne matrix, The mechanism where by this occurs is not known.
Kasai, et al. propose that the thermal gradients at the substrate
surface might be important, but only minor variations in the experi-
mental conditions are reported. |

If such partially oriented solutes were a general occurrence in
matrices, this would aid the ESR study of many molecules which can
not be incorporated into a single crystal. The technique would be
especially useful for chemically unstable molecules suéh as small,
highly reactive, ground state triplets. It is suggested that the ESR
spectrum of CCO and NCN be obtained in solid matrices following the
general experimental technique of Kasai, et al. By extending the study

to a number of hosts and varying the conditions of sample preparation,
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optimum conditions for any preferential orientation and the perturbation
by the environment on the parameters of the triplet state may be
determined. These systems are considerably different than those
studied by Kasai in that the radicals are chemically unstable. Preferen-
tial orientation of the precursor may or may not occur more readily
than the radical. Thus, both in situ photolysis and photolysis during
deposition should be investigated.

CCO and NCN are isoelectronic and, therefore, the electronic
energy levels are expected to be similar. The lowest electronic

configuration of NCN is

2

g

2

2 2
. 1o 10’u 20 o

2 4
o 2c7u 177u 17

which yields 3Zg', lzg‘“, and lAg states.’
this configuration is expected to be °Z g_ with the ‘A o 2nd 5 g+ states

low lying excited states. For the unsymmetrical radical CCO, the

The lowest energy state of

u, g-classification is of course no longer correct. However, the
expectation that both of these fourteen electron radicals are linear in
accordance with theoretical predictions Dy and ground state triplets
is still valid.

Herzberg and Travis 2 have examined a portion of the NCN
spectrum under high resolution and have assigned the observed bands
to a 31‘1;}4— " g— transition. Moreover, they were able to ascertain the
spin-spin splitting in the ground S‘Eg‘ state. Wasserman, et 2_3._1_.6 have
in addition observed the ESR spectrum of NCN in a fluorocarbon glass

at 77°K. No ESR studies have been reported for CCO, although there
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has been considerable interest in photochemical systems involving
this radical.7

A reason for choosing the NCN molecule for further investigation
is that the zero-field splitting for the free radical is known from the
analysis of Herzberg and Travis. The zero-field splitting of no other
polyatomic molecule in a triplet state has been determined both for the
free molecule and in a condensed solvent. The results show that for
NCN in a fluorocarbon glass the zero-field splitting is decreased from
the gas phase value by about 2%. The extension to other solvents with
different molecular properties is, therefore, of interest to establish
whether this magnitude change is characteristic. The direct confir-
mation of a triplet ground state for CCO relates of course directly to
its behavior in photochemical systems. The energies of the excited
states of CCO are similarly of interest and not currently known.

The ESR spectrum of triplet states of randomly oriented
molecules in solids has been discussed by Wasserman, Snyder, and
Yager (WSY).8 We will present a brief outline of the theory, following
mainly these authors. The spin Hamiltonian of two electrons in a

triplet state in the presence of an external magnetic field H may be

written
8 . 2 2 _ a2
5 = g BH-S + D(S, 2/3) + E(SX Sy)

where the symbols have their usual meaning. D and E are the experi-
mentally determined zero-field splitting constants. When two of the

principal axes are equivalent, as in a linear molecule, the third
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direction corresponds to the z axis and E = 0. The zero-field
splittings in triplet states of molecules containing mainly light atoms
arise primarily from the dipolar interaction of the electron spins, but
in the more general case spin-orbit interactions can also contribute
to the splitting.?

WSY have shown lthat there is a sharp change in the number of
molecules which are in resonance at those fields where H is parallel
or nearly parallel to one of the principal axis. This feature gives rise
to peaks in the ESR spectrum that are centered at these fields. From
these axial resonance fields and the solutions of the spin Hamiltonian,
the zero-field splitting constants are obtained. In our case, the axial

resonance fields are related to the zero-field splitting as follows.

H;yl = H (H, -D)
H;yz = H (H,+D')
H,y = [Hy-D'|
H,o = H, +D

where Ho = hv/gB, v is the microwave frequency, D' = D/gpB, and,
for example, Hzl and sz are the low and high axial fields when H
is parallel to z.

As seen from the above equations for the axial resonance fields,
nyl and Hzl move to lower fields as D’ increases relative to Ho‘
For D' > Ho’ nyl no longer occurs and the two z-absorptions are

then transitions between the same energy 1eve1s.10 The case D' > Ho
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applies for the radicals CCO and NCN. Whereas typical spectro-
meters employ a microwave quantum of ~0.3 cm'l, D for NCN equals
1.568 em ™% Wwe reasonably expect CCO to also have D ~ 1-2 cm ™%,
This means that the ESR spectrum of NCN or CCO, randomly oriented
in a solid host, should show absorptions for those radicals that have
their z-axis perpendicular to the external field at the resonance field

H The absorptions for H || z are much weaker than H | z and the

9
fo};ymer have not been observed for cases where D'>Ho.

If the radicals preferentially orient with their z-axis parallel to
a planar substrate, the ESR spectrum can be easily obtained by placing
the substrate plane perpendicular to the magnetic field. Thus, a
majority of the molecules have H|z. Moreover, now the resonance
for H ||z might also be seen by rotating the substrate perpendicular
to the magnetic field. This then allows two independent measurements
of the zero-field splitting. If these do not agree, then the assumption
made in the above discussion that g equals the free electron value 8o
is not valid. The degree of orientation can be obtained by monitoring
the intensity of the nyz absorption as the substrate is rotated relative
to H.
Precursors that have been used to obtain CCO and NCN are

carbon suboxide 1 and cyanogen azide.6
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