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ABSTRACT 

The investigations on the low temperature crystallographic and 

spectroscopic properties of sym-trifluorobenzene and hexafluorobenzene 

have been divided into three logical sections. The first section, headed 

by a paper submitted for publication in the Journal of Applied Crystal­

lography, reports the established crystallographic parameters required 

for the theoretical interpretations in sections two and three. Section two 

consists entirely of two papers to be submitted to the Journal of Molecular 

Spectroscopy. They describe the vibrational structures of 1, 3, 5 C6F 3H3 , 

1,3,5 C6F 3D3 and C6F 6 • These papers establish for the first time com­

plete vibrational assignments for these molecules in their vapor, liquid 

and crystalline phases. The last section, which is concluded by a paper 

to be submitted to Chemical Physics Letters, represents the culmination 

of efforts expended in the previous sections. Here, the partial analysis 

of the vibronic contributions observed in the vapor phase 
1 A~ __. 

1 A~ 

transition in 1, 3, 5 C6F 3D3 is used to verify previous unpublished work on 

the protonated isomer. These results form the basis from which the 

singlet-singlet absorption spectra of 1, 3, 5 C6F 3H3 and 1, 3, 5 C6F::iD3 at 

4. 2 °K were analyzed. 
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GENERAL INTRODUCTION 

The exposition of my research efforts, as presented in this 

thesis, exemplifies no more than seventy-five percent of my labors 

while at Caltech. That this is so was due basically to financial circum­

stances yet in part was due to a desire to teach and to teach well. As a 

result, I was part of the graduate teaching assistantship program four 

of my five years in residence. Beginning with laboratory instruction 

and one hour a week recitations in Chemistry 1, I soon found myself in 

Chemistry 41 lecturing two hours a week under much less rigorous guide­

lines. When the opportunity arose to design, lecture and completely 

administrate the advanced placement course, Chemistry 2, neither I nor 

a fellow graduate student, Dan Harris, could resist the challenge. The 

ultimate opportunity to demonstrate our abilities in this area certainly 

demanded no less than an extended effort on our part to justify it. An 

example of this effort is embodied in "The Chem Two Bestiary" and the 

fact that the first year's voluntary enrollment of 36 increased to 72 the 

following year. The second revision of the Bestiary has just been com­

pleted for use in the 1972-1973 academic year and has been favorably 

reviewed by W. A. Benjamin, Inc. for future publication. In some 

ways, life has been good. 

During the course of the above sidetrack and the move from Gates 

and Crellin Laboratories to Noyes Laboratories, a quantity of researck 

on the spectroscopic properties of sym-trifluorobenzene and hexafluoro­

benzene was completed. The work in three specific areas was 
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approached in a simultaneous fashion, as opposed to a stepwise approach, 

due to the complex and often uncontrollable nature of the initial stage. 

The initial stage referred to here involved the determination of the basic 

lattice parameters for 1,3, 5C 6F 3H3 and C6F 6 in a cold room which 

periodically broke down and thawed out or was shut down due to the 

extensive remodeling in the subbasement of Crellin Laboratories ("' 6 

months). As a consequence of these difficulties and numerous others, 

it required nearly three years to obtain the results which appear in the 

paper of section I-A. 

The analyses of the infrared spectra for 1, 3, 5 C6F 3H3(D3) and 

C6F 6 in the crystalline phase quickly followed the completion of the 

crystal structure analysis. The results of the studies on the vibrational 

structures in all three states of aggregation for these molecules appear 

in two papers which constitute section II of this thesis. Both systems, 

trifluoro- and hexailuoro-, in the solid phase demonstrate some unique 

features. The occurrence of an atypical result in the spectra of fluoro­

carbon systems, however, is typical. Particularly striking examples of 

the irregularities found in the aromatic fluorocarbons include: the fact 

that the higher substituted systems (F 3 - F 6) essentially do not 

fluoresce in the vapor phase or phosphoresce in EPA matrices at 77 °K; 

the fact that relatively stable Dewar valence isomers can be produced 

photochemically; and the fact that the energy and vibronic structures in 

the excited singlet states vary quite dramatically from similarly sub­

stituted methyl- and other holo- aromatics. An attempt to clarify two 

especially interesting observations was undertaken. The known 
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quantities of interest were: the singlet- singlet transition of 1, 3, 5 C 6F 3H3 

in the vapor phase is highly structured and is blue shifted from the 

parent molecule, C6H6 ; the vapor phase electronic absorption system 

for C6F 6 is broad and structureless and contains an unknown number of 

components. The vapor phase investigations were repeated and the 

respective systems were investigated in Kryton matrices and in the pure 

crystal at very low temperatures. The results of these experiments 

make up section III. As is typical of many experiments, it was found 

that for every question answered two more arose. · 
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PART II 
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SECTION I-A 
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By MICHAEL D. BERTOLUCCit and RICHARD E. MARSH 

Arthur Amos Noyes Laboratory of Chemical Physics, 

California Institute of Technology, Pasadena, California 91109, U.S.A. 

Introduction 
~ 

There has been considerable recent interest in the solid- state 

properties of various members of the fluorobenzene series (Albert, 

Gutowsky, and Ripmeester, 1972; Abramowitz and Levin, 1970; 

Bertolucci and Robinson, 1972 a, b}. In order to interpret many of these 

properties, such as the vibrational exciton spectra, knowledge of the 

crystal symmetry is necessary. Accordingly, we have determined the 

unit cells and space groups of two members of the series, hexafluoro­

benzene (C 6F 6} and 1, 3, 5-trifluorobenzene (C 6H3F 3}. 

Both compounds melt near 0 °C, and accordingly our measure­

ments were made in a cold room maintained at -17 ± 3 °C. The crystals 

are highly volatile at that temperature, and are highly soluble in 

standard sealing materials. Since this combination of factors presented 

special problems in preparing and mounting the crystals, we describe 

the experimental procedures in somewhat more detail than is usual. 

tSupported in part by the U.S. Army Research Office-Durham, under 
Contract No. Da-31-124-ARO-D-370. · 
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The crystals were sealed in Raebiger thin-walled glass capil­

laries, 0. 3 mm. in diameter. These capillaries have flanges of diameter 

about 2 mm. before they neck down to their nominal diameter; as a 

preliminary step, standard brass mounting pins were turned down, for 

a length of about 4 mm. , to a diameter such as to fit snugly into the 

flanges of the capillaries. The capillaries could then be cemented to the 

brass pins with negligible reaction between the cementing material (nail 

polish) and the volatile material within the capillaries. 

Two different sublimation procedures were used to obtain single 

crystals within the glass capillaries: 

(1) Single crystals of varying size were obtained on the lid of a 

weighing bottle by sublimation of a polycrystalline mass; the thermal 

gradient was supplied by a 40-watt bulb clamped below the bottle in the 

cold room. A glass capillary containing a small amount of liquid sample 

material in its tip was brought into the cold room and the liquid in the 

tip was allowed to crystallize. Two crystals were then chosen from the 

weighing bottle, a small one to serve as a specimen for analysis and a 

larger one to serve as a blocking crystal. The smaller crystal was 

dropped into the capillary and wedged into position at some point above 

the polycrystalline material in the tip; the large crystal was then 

wedged into the wide portion of the capillary. The capillary was then 

sealed to the mounting pin. The blocking crystals at either end of the 

specimen crystal maintained vapor equilibrium such that no appreciable 

change in the size of the target crystal could be detected after fifty 

hours of data collection. 
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(2) Single crystals were obtained by sublimation directly in 

preassembled capillary units. A glass capillary was partially filled 

with liquid material and brought into the cold room; after solidifica­

tion, the capillary was sealed to a brass pin. The crystalline material 

was then repeatedly melted and allowed to recrystallize, by finger 

touch, until the resulting crystal became clear (presumably due to 

degassing). The unit was then suspended over a 40-watt light bulb and 

allowed to sublime and anneal for three to seven days. This procedure 

yielded long, excellent single crystals; their length precluded the need 

for blocking crystals, as diffraction data were taken at their centers . 

Unit-cell dimensions were obtained from least-squares fits to 

measurements on Weissenberg photographs prepared using nickel­

filtered CuKa radiation; a linear correction factor, f, for the axial 

lengths was determined from zero-layer Weissenberg photographs of 

NaCl. at -17 °C by relating the calculated a0 as above with the accepted 

literature value (International Tables). In the case of each compound, 

all the crystals surveyed were oriented with the same crystallographic 

axis aligned with the axis of the capillary--the c axis for hexafluoro­

benzene and the [ 101] axis for trifluorobenzene. The monoclinic 

angles associated with these rotation axes were derived from the least­

squares analysis of uncorrected 2 0 values obtained from upper-level 

Weissenberg photographs. The reported angles for /3 are considered 

accurate within the given deviation. Densities were measured by 

flotation in trichloroethylene or mixtures of ethyl iodide and carbon 

tetrachloride at -17 °C. The corrected crystal data are given in Table 1. 
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Discussion 
~ 

C6F 6 : Systematic absence of reflections !!_Of with (!!. + l.) odd and 

o~_o with ~ odd are characteristic only of the space group P21 /n (No. 14). 

The measured density requires six molecules per unit cell. Accord-

ingly, two molecules must lie on centers of symmetry; the other four 

almost surely lie in general positions. (It is extremely unlikely that 

the six molecules might lie at three different pairs of centers of sym­

metry, for some of these centers are separated by only 2. 9 A ( = ~ £).) 

Recent infrared (Bertolucci and Robinson, 1972a) and NMR (Albert, 

1972) studies are in agreement with the lack of site symmetry for at 

least some of the molecules. 

C6H3F :l: The systematic absences hkf with (!!. + ~ odd, hOf with 

f odd and OkO with k odd indicate space groups Cc (No. 9) or C2/c - -
(No. 15). Inspection of the Weissenberg photographs indicates a wide 

distribution of intensities, suggesting the centrosymmetric space group 

C2/c; in this case the four molecules in the cell must lie on two-fold 
0 

axes parallel to b. However, the length of the!!_ axis, 11. 9 A, seems 

inappropriate for such an arrangement. Accordingly, it is quite pos­

sible either that the structure is disordered or that the intensity distri­

bution reflects only the hyper symmetry of the molecule, and that the 

space group is the non-centric Cc. 

Acknowledgments: 

We are grateful to Dr. Sten Samson and Mr. Ernest Moore for 

assistance in maintenance and operation of the cold-room facilities, and 

to Dr. Gary Christoph for advice and help. 
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Crystal Data 

Laue Class: 2/m 

Space Group: P21 /n 
0 

a = 17. 021 ± 0. 054 A 

b = 9.513±0.012 

c = 5.843±0.039 

/3 = 91. 802 ± 0. 279° 

Laue Class: 2 /m 

Space Group: Cc or C2/c 
0 

a= 9.139±0.038A 

b = 11.896 ± 0.015 

c = 6. 274 ± 0. 020 

{3 = 124.67 ± 0.217° 

F. W. = 186.1 

F(OOO) = 540 e -

z = 6 

-3 
Dx = 1. 959 g.cm 

Dm = 1. 881 g.cm 

F. W. = 132.1 

F(OOO) = 264 e-

Z = 4 

Dx = 1. 557 g.cm 

-3 

-3 

Dm = 1. 50 g.cm 
-3 

0 

(Alternate cell: ~ = 7. 959, 2_ = 11. 896, c = 6. 274 A, 

/3 = 98. 38 °, space group le or !2/c) 

Naef (-17°C) 
0 

a 0 (reference) = 5.6164 A 

a 0 (experimental) = 5. 6556 ± 24 x 10-4 A 
f = 0.99165 
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a. Direct Film Measurements 

Once a single crystal of the speciman has been obtained and 

appropriately mounted, no small task for these crystals as was indi­

cated earlier, the cell constants (with the exception of Z) required for 

a first order analysis of the spectroscopic data can be read directly 

from Weissenberg photographs. An independent measurement of the 

density is required to calculate the number of molecules in the unit cell 

(Z). Two direct methods have been utilized; the first was used to guide 

and check the second. 

The first method involves measuring: (i) the length of the rota­

tion axis directly from the oscillation line-up photographs; the 

reciprocal lattice repeat distance (~n) in this case equals the reciprocal 

of the length of the rotation axis irrespective of the space group . The 

length of the rotation axis (say C) is given by ...... 

Arad 
C == -- where 
.,.,.. ~n 

and R ==radius of the film cassette and Yn = distance of reciprocal lat­

tice layer line -n- from the center or zero layer. (ii) the equi­

inclination angles (µ.e) which are used for obtaining upper layer line 

Weissenberg data (2 6 value). They are obtained from ~n values . The 

values for µ.e and the layer line screen setting (s) can be obtained 

directly from graphs in (Buerger). (iii) the reciprocal lattice (r. c.) 

repeat distances for the two remaining axes directly from the zero 
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layer Weissenberg photograph. In the monoclinic systems (~unique, 

f3 =~between~ and~) these axes appear as straight lines of reflections 

separated by 45 mm (90°) if the rotation axis is not the unique~* axis 

and by (/3/2) mm if the rotation axis is~*. The axial lengths for these 

axes in real space is given by 

2 sin() if dhkt is .L to rotation axis 

2 sin() sin/3 if dhk! is not .L to rotation axis 

where () 0 = Y hk! (mm) = 2x/../5 (standard travel) and x = distance of 

reflection hk! measured along the axis row from the center of the film 

and (iv) the angle /3 if not present on zero layer line Weissenberg photo­

graph. The angle is best measured by averaging the values obtained 

from several upper layer line Weissenberg photographs. The method 

requires measuring the horizontal (w direction) displacement of the hOf 

reflections from their zero layer position as they festoon out toward a* 

or c*. The larger the angle /3, the larger the deviation. In the mono­

clinic system /3 = 180 - /3* and 

/3* -1 (bi) 1 
=tan ~ tan$ and l/J = 90° - Xo 

where x0 =degrees =twice the displacement measured in mm, band c 

= axial length of b and c, respectively, and .f and k are the Miller indices 
~ ,,,..... - -

of the reflection measured (assumes c rotation) . ...... 

The above measurements are made on photographs which have 

been indexed according to a tentative space group designation; the 
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designation of space group is made by inspection of observed extinctions 

in the !!_~!.of zero layer and upper layer Weissenberg films. The mono­

clinic system is typified by -mm- symmetry in the zero layer film and 

O k O absent if k odd. --- -
The second method used in this investigation was ·a least squares 

analysis of 2 fJ values obtained from vertical displacement measurements 

(Yn values) of !!_kl reflections made directly on the film. A computer 

program listed in Appendix I-A converts Yn (called Xmeas) into fJmeas 

and calculates the lattice parameters a, b, c, and {3 . A sample output ,..... ,,.... ,,.... 

is also included in Appendix I-A for 1, 3, 5 C6F 3H3 indexed as if the rota­

tion axis were the c axis. As the computed cell at the top compared ,..... 

very well with the data calculated by the first method, it was accepted 

as representative of the indexing. Note the cell related to it by the 

transformation matrix 101/010/001 is also displayed as are two other 

cells. Using these data, the lattice was constructed and a search for a 

cell more in line with convention was sought. The best monoclinic cell 

was found using the transformation matrix 100/010/101. It is the C 2/c 

or Cc cell reported in section I-A. As the computed lattice parameters 

from this program are given without the standard deviations, these data 

are of unknown quality and a more sophisticated program was needed. 

Such a program exists in "Crym" and requires 2 fJ values. The values 

for 2 0 were obtained from the output described above for C6F 6 and 

1, 3, 5 C6F 3H3 and the results are described in subsection b . 

b. The lattice parameters a, b, c, and {3 for the monoclinic crystals ,,.... ,..... ,..... 

CaF 6 and 1, 3, 5 C6F 3H3 were obtained from measured 2 e values and the 
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"Crym" system computerized least squares analysis. Sample output 

for the C6F 6 and 1, 3, 5C 6F 3H3 crystals are given in Appendix I-B. These 

data represent the uncorrected lattice parameters obtained at -17 °C 

under conditions of unknown film shrinkage, effective camera radius, 

etc. To obtain a linear correction factor which will encompass all 

deviations in the cell constants due to experimental procedure, a NaC.Q. 

crystal was investigated under identical experimental conditions. 

The NaC.f crystal is cubic therefore all angles are 90 ° and all 

axes are identical (a0). The International Tables give for a 0 (18 °C) the 
(, 

value 5. 62800 KX. Using the conversion factor 1 KX = 1. 002063 A, the 

l8°C value for ao is 5.6164 A. The thermal expansion correction is 

given by 

where a =thermal expansion coefficient and = 40. 5 x 10- 6 A/ °C for 

-Nae .f. The calculated value for a0 (-17 °C) is 5. 6084 A. 
Using MoKa radiation and 2 6 values measured from a zero­

layer Weissenberg photograph, the least squares experimental value for 
0 

a0 (-17°C) was found to be 5.6556 ± 0.0024 A. The linear correction 

factor (f) for the axial lengths is therefore 

f = 5.6084/ 5.6556 = 0.99165 

This factor was applied to the "Crym" axial lengths obtained for 

C6F 6 and 1, 3, 5 C6F 3H3 • These data appear as the corrected crystal data 

in section I-A. Using the corrected axial lengths and assuming {3 is 
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unchanged within its deviation, the calculated volume for the C 6F 6 and 

1,3,5C6F 3H3 cells is 945.640 cc and 563.229 cc, respectively. Assum­

ing Z = 6 for C6F 6 and Z = 4 for 1,3, 5C 6F 3H3 , the calculated density 

(d ) is 1. 959 gms/cc and 1. 557 gms/cc, respectively. The experimental 
x 

values for dx, namely dm, are 1. 881 gms/cc and 1. 50 gms/cc. Agree-

ment within 4% is typical of the flotation method and is particularly 

gratifying under the extremely unfavorable conditions present in the cold 

room. 
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ectrum of er stalline hexafluorobenzene* 

MICHAEL D. BERTOLUCCI and G. WILSE ROBINSON 

Arthur Amos Noyes Laboratories of Chemical Physics 

California Institute of Technology, Pasadena, California 91109 

(Received 

Abstract--The infrared spectrum of hexafluorobenzene in the solid 
~ 

state has been qualitatively interpreted using the results of group 

theory applied to the Frenkel model of molecular excitons. The 

observed fine structure associated with the various exciton bands and 

the collapse of the g - u selection rule are discussed in light of 

basic crystal-field parameters recently obtained in these laboratories . 

The energy of the controversial A2u fundamental has been definitely 

established. 

Low resolution spectra of the vapor and liquid phases are 

included for completeness and to illustrate the need for further 

spectroscopic investigations of this unique molecular system . 

I. INTRODUCTION 

Commensurate with the advances in fluorocarbon chemistry a wealth 

of spectral information has been published on a number of fluoro­

benzenes. In particular, a series of both theoretical and experimental 

papers has appeared on hexafluorobenzene beginning with the first 

infrared analysis by DELBOUILLE [1 ] . Notably these investigations 

* Supported in part by the U. S. Army Research Office-Durham, under 

Contract No. Da-31-124-ARO-D-370 . 
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of the vapor and liquid phases [2, 3, 4, 5] were based on the first complete 

vibrational assignments of D. STEELE and D. H. WHIFFEN (2 ]. With 

the exception of a suggested reversal in the interpretation of the v11(A2u) 

and v
20

(Ern) fwidamentals and a recommended shift in the v16(E2u) fwida­

mental, these assignments appear to be generally accepted. They are 

well supported by intensity measurements [3, 5] and by vari-

ous force field calculations [8, 9, 10 ]. The approximate planarity [11] 

and resultant D6h symmetry of the molecule in the vapor and liquid 

phases has also been generally accepted and is in accord with pre­

dictions on the intramolecular steric force field (12 ]. 

As a result of recent efforts on our part to determine the nature 

of the intermolecular force field of C6 F6, we were Jed to investigate 

the infrared spectrum of the solid state. Since previous communica­

tions on the infrared (13] and Raman [14] spectrum of the solid 

phase dealt only with the dipole allowed transitions and were of low 

resolution, erroneous conclusions concerning the nature of the crystal­

line potential field are possible. Therefore in the light of recent 

crystal structure data on C6 F6 the results and qualitative interpretation 

of our infrared investigations are presented. 

II. DISCUSSION OF THEORY 

In the lowest order approximation, vibrational spectra of the 

solid state can be interpreted utilizing the "oriented gas" model. 

Within this model of space fixed and non-interacting molecules one 

predicts that of the thirty normal modes falling into the indicated 

classes 
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only the A2u(v11) and E1u (v18, v19, v20) fundamentals are dipole-allowed. 

Also within this model the mutual exclusion principle better known as 

the g - u selection rule is expected to be rigorously obeyed. If into 

this model one incorporates the small intermolecular potential forces 

characteristic of molecular crystals, and defines a new set of 

parameters which describe the intermolecular interactions, a neces­

sarily more realistic description of the crystal and its spectral 

properties is obtained. One such extended model describing vibra­

tional activity in molecular crystals has been outlined by HALFORD 

et al. and DAVYDOV [15] using the basic exciton formalism originally 

proposed by FRENKEL [16 ]. Within this model one can describe all 

the vibrational fine structure, including polarizations typically 

present in pure crystal spectra, as well as explain the breakdown of 

the selection rules derived from the "oriented gas" model. Pro­

viding sufficient experimental data are available, one can, in addition, 

determine the magnitude of the intermolecular energy-transfer 

matrix elements and the "static field" effects due to the presence of 

the lattice force field and the reduced symmetry at the crystalline 

site (shifts and removal of degeneracy). Most importantly one may 

·aiso determine the energy of the various components of the exciton 

band due to the "dynamic" interactions between the translationally 

inequivalent molecules that make up the crystallographic unit cell . 

This latter effect is responsible for most of the fine structure and 

is commonly known as the DAVYDOV [15 ], factor group [20 ], or 
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interchange [19] splitting. 

The experimental parameters most basic to undertaking an 

analysis of pure crystal spectra are those realized from a complete 

crystal structure determination. Although this information is pres­

ently not available, enough structural data have been obtained r ecently 

to proceed in a qualitative manner. The space group and lattice 

parameters for hexafluorobenzene have been determined at -17 ° C by 

BERTOLUCCI and MARSH [17 ]. They find C6 F6 crystallizes in the 

space group P2/n (C2h) with six molecules per unit cell. The mole ­

cules occupy lattice sites with both 1 (C1 ) and I (Ci) symmetry which ar e 

occupied in the ratio 2/1 respectively. This placement of molecules 

within the unit cell, though not unique in a crystallographic sense, is 

consistent with recent N. M. R. studies by ALBERT et al. [18] and is 

definitely confirmed below. 

For the primary interpretation of the vibrational exciton states 

in molecular crystals, the selection rules for induced dipole transi­

tions are formulated on the basis of the factor group symmetry [19 ]. 

In contrast to the "oriented gas" model, it is how the various normal 

coordinates map onto the proper subgroups of the factor group (not 

the molecular point group) that determines the symmetry and 

degeneracy of a given vibration and its subsequent spectroscopic 

activity. It is seen that crystalline C6F6 presents the unique case in 

which two sets of subgroups are used by the molecules in filling the 

unit cell. These sets are populated and described as follows: 

Set 1--Four molecules at 1 sites are classified in the C1 site 

group and correspondingly by the C2h interchange group. 
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Set 2--Two molecules at f sites are classified in the C1 site 

group and correspondingly by the C2 interchange group. 

The choice of interchange groups in the above sets is unambiguous 

in contrast to the C6H6 case, see KOPELMAN [ 19], and the group theo­

retical requirement that the direct product of the site and interchange 

groups be isomorphous with the factor group is satisfied. 

Tables lA and lB indicate the origin of the "site group" splitting 

(19, 20] as well as the number of Davydov components related to each 

vibrational degree of freedom analyzed in terms of their crystal sym­

metry. That is, these tables demonstrate which factor group repre­

sentations are populated when the representation of the site group is 

known for the excited level. 

Inspection of the tables leads us to predict the collapse of the 

g - u selection rule and the formal removal of all degeneracies in the 

solid state. Thus we expect in principle a one-to-one correspondence 

between transitions observed in the solid and liquid phases as it is 

well-known that no selection rules operate in fluids (15 ]. In addition, 

we expect to observe first hand and independent of the Raman effect, 

those fundamentals which heretofore could only be calculated from a 

self-consistent analysis of the observed combination tones. This is 

particularly important for the C6 F6 system as the in-plane Raman transi­

tions are inherently very weak. In addition, the alternate method [21] 

for obtaining information about Raman active modes from electronic 

emission spectroscopy is not possible for C6 F6 because of inherent 

absence of such spectra in this molecule. 
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III. EXPERIMENTAL 

Hexafluorobenzene. was purchased from Aldrich and Company . 

Fractional distillation on a 20 inch spinning band column followed by 

preparative vapor phase chromatography was found to yield spectros­

copically pure material (m .p. 5.08 °C, b.p. 80.26 °C). This material 

was found to be identical with other samples which were heated gently 

(less than 70°C) in contact with a potassium mirror, vacuum distilled 

and zone refined.* The following chromatographic columns were found 

to be especially effective in separating the various C6Hn Fn- n homologes 

at ambient temperature on the standard Varian Aerograph model 90-P: 

20% didecylphthalate on Chromosorb W, HMDS; 10% Kel F Oil #3 

(Varian M0-10) on 60/80 mesh Chromosorb W, AW-DMCS. 

Crystalline samples were prepared by slowly cooling a pre­

assembled cell attached to the cold finger of a standard type metal 

Dewar. The Dewar housing which accepted the cold finger assembly 

was fitted with Cesium iodide windows and could be evacuated to better 

than 10-
5 

torr prior to demounting and transferal to the spectrometer . 

Samples grown by this technique and equilibrated to 77°K were invari­

ably polycrystalline yet translucent. Sample thickness for observation 

of the weaker transitions was regulated by placing two Cs! windows 

together separated by a ring of 0. 015 inch indium wire over which a 

thin syringe needle was placed. The tip of the needle extended to the 

If this purification procedure is preferred, great care must be taken 

when exposing C6 F6 in vacuo to molten potassium as explosions of un­

known origin were encountered at both temperatures greater then 

85°C. 
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center of the cell and was withdrawn after partial flattening of the 

spacer by uniform tightening of the holder assembly and filling of the 

annular space. Increasing the tension applied to the windows upon 

removal of the needle continued to flatten the spacer and sealed the 

cell completely. Crystal thicknesses in the range of 150 µ ± 20 µ.were 

obtained consistently. The stronger transitions were observed without 

the use of a spacer between the two CsI windows one of which was pol­

ished such that it was no longer optically flat. Surface tension and 

moderate pressure applied to the windows was sufficient to maintain 

the liquid within the cell prior to crystallization in a N2 atmosphere 

and evacuation of the ~war assembly. 

All spectra of the crystalline phase were recorded on a Beckman 

model 12 spectrophotometer as were those of the gas and liquid phases 

which are reported in Tables II and III. The infrared spectra repro­

duced in Figures lA and lB were recorded on a Perkin-Elmer model 

221 for convenience of display. 

IV. RESULTS AND DISCUSSION 

A. Crystal field effects expected on the vibrational exciton states. 

In the comparison of infrared spectra taken of the vapor phase 

with those obtained for the crystalline phase, one is in general con­

fronted with three phenomena: (a) the appearance of new transitions, 

(b) shifts in the energy of a given transition and (c) the appearance of 

new fine structure. Each effect is intimately related to the nature of 

the crystalline force field and the symmetry and degeneracy of the 

vibrational state. Taking each phenomenon in turn the following 
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generalizations can be made from theory and by inference from results 

obtained on similar compositions of matter [22, 23]: (a) The most 

intense fundamental transitions in the solid state are those which are 

dipole allowed in the gas phase spectrum. Hence those fundamentals 

which become allowed under the selection rules derived from the dipole 

moment operator in terms of the factor group symmetry are in general 

observed as relatively weak transitions in moderately thick crystals . 

A comparison of Figures 1 through 4 illustrate this generalization well . 

(b) The "static" crystal field perturbation on the energy levels of the 

various normal modes in general results in a shift .6; the magnitude of 

which can be diagnostic of the vibrational symmetry. We define .6 as 

the difference in energy for a given vibrational state in the gas phase 

and the mean of the exciton band observed in the neat crystal. Typi­

cally in molecular crystals, due to the nature of the atomic displace­

ments, the in-plane modes are less affected by the crystal field 

potential at the site (.6 = 0 to 5 cm -i) than the out-of-plane modes 

(a = 2 to 20 cm - 1
). The gas to crystal shifts observed for the A2u (v 11 ) 

and Eiu (v20) transitions as found in Table II are of particular im­

portance in assigning the frequency of these modes. (c) Perhaps the 

most striking effect of the phase change results from the "dynamic, " 

or intersite, interactions in the crystal. This phenomenon which gives 

the well-known Davydov or factor group splitting of nondegenerate 

states is complicated by the "static" field effect or site group splitting 

for states that are degenerate in the molecular point group. The 

polarizations, energy, and number of components associated with the 
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various vibrational states, however, can in principle uniquely identify 

exciton bands as originating from degenerate or nondegenerate modes 

in the unpreturbed system. Ideally and in the absence of any intersite 

resonance interactions to be described below, we expect from a group 

theoretical analysis of the crystal, octets for the Eu modes, quartets 

for the Eg and ~ modes, and doublets for the Xg modes where E and 

x represent doubly degenerate and nondegenerate vibrations in the 

molecular point group respectively. In a qualitative sense we expect 

to observe fewer than the theoretical number of components as inter­

action energies (shifts and splittings) are typically small in molecular 

crystals (0-20 cm -i) and are quite frequently less than 1 cm -i which is 

at the limit of our experimental resolution. An additional uncertainty 

arises from the fact that little can be said ~priori about the magnitude 

of the intermolecular resonance interactions anticipated between the 

various components of the exciton band. In particular and unique to 

this system, we refer to those resonance interactions between the 

group of states within the exciton band derived for each mode at a 

particular site, as well as those between the states derived from the 

two group-theoretically independent sites, sets 1 and 2. Conceptually 

one aspect of this projected interaction is similar to that observed in 

isotopic mixed crystals as found by BERNSTEIN [ 22 ] in which an 

allowed guest transition perturbs a nearly degenerate and dipole for ­

bidden host mode, the b1g, b2g and b3g components of v6 (e2g), into 

spectroscopic activity. In these cases Bernstein finds the inter site 

resonance interaction appears to effect intensities but only slightly 

the energy levels of the interacting states. The interactions alluded 
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to here involve those, for example, between the dipole allowed ~ and 

bu components arising from a molecular E2g level at the C1 site, and the 

dipole forbidden ag and bg components originating from the same site 

as well as with those originating from the Ci sites. 

B. Fundamental Analysis 

The analysis of the hexafluorobenzene spectra obtained in the 

vapor, liquid and crystalline phases appears in Table II. The capital 

letters in the symmetry notation are reserved for fundamentals. The 

vibrational notation follows E. B. WILSON (24 ]. Combination bands 

were calculated using the values of the fundamentals for each phase as 

presented in Table III. Although it was not intended to repeat earlier 

investigations, enough discrepancies in mode analysis between the 

crystalline and less condensed phases were encountered that inclusion 

of our own extended gas and liquid phase spectra was considered 

meaningful. 

1. Dipole allowed transitions A2u (v 11) and E 1u (v18 , v19, v20) 

The four dipole allowed fundamentals which transform as A2u (v11 ) 

and Em (v18, v19, v20) in the molecular point group are assigned the 

energies 227. 2 cm -i and 1523, 997. 3 - 1025. 5, and 316. 6 cm- 1 in the 

crystal, respectively. These vibrational modes which can be roughly 

characterized [25] as the out-of-plane C-F bending (v11), in-plane C-F 

bending (1120), in-plane C-C stretching (v19) and in-plane C-F stretching 

(v18 ) are all observed, the latter two with great intensity, in the vapor 

and liquid phases (see Figures lA and lB). 
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In the crystal as seen in Figure 2, v 18 and v19 show extensive 

intrasite effects due to both intramolecular and "crystal induced" 

Fermi resonance as well as intersite effects (19] due to the mixing of 

one site exciton functions in the crystalline potential field. The latter 

effect that results in the interchange group splitting of the exciton band 

and which is of particular importance can not be analyzed directly in 

terms of the various intermolecular interactions at the site due to the 

unknown contributions of the former. Specifically, the intramolecular 

Fermi resonance between v19 and the combination band (v3 + v20 ) = ( 3 + 20) 

observed in the vapor and liquid states [2] completely obscures the 

interactions between the interchange equivalent molecules in the unit 

cell. A further obscuring effect on the exciton structure results from 

what can be termed "crystal induced" Fermi resonance. This effect, 

among others which are known in the C6H6 crystal [19 ], prevents the 

consideration of the factor group splitting as being a superposition of 

site group and interchange group effects. For the particular case of an 

E1u molecular state in the C6 F 6 crystal, tables IA and IB show that the 

eight dipole allowed factor group components divide themselves into 

two symmetry groups each containing four members. Thus in the 

reduced symmetry group, Fermi resonance between the four nearly 

degenerate au exciton states as well as between the four bu states can 

occur. A resonance interaction of this type, termed "crystal induced, '' 

is expected to have a leveling effect [26] on the intensity distribution 

among the various factor group components. The symmetric envelope 

observed for the E1U(v 18 ) transition is suggestive of such mixing 
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between site states. The large band width of 20 cm- 1 associated with 

the v18 and v19 in-plane modes, correspondingly, is attributed to a com­

bination of site group, interchange group and "crystal induced" Fermi 

resonance splittings. In the absence of an isotopic species of fluorine, 

we are unable to probe, experimentaly, [22, 26] the relative contri­

butions of any of the above effects to the overall splitting. 

For reasons as yet unclear, the intensity of the lowest energy 

Eiu (v20 ) fundamental in the gas phase is a factor of fifty [3 (1969)] less 

than for the previously discussed E 1u modes. As a result, some doubt 

as to the assignments of the E1u (v20 ) and A2u (v 11) modes by STEELE 

et al. [2, 3] has arisen [1 (1958), 7 ]. It is clear as a result of this 

investigation, however, that due to the small "static" field effect or site 

shift (.1. $ 5 cm -
1

) the 316. 6 cm -l transition is the remaining E 1u in­

plane bending mode v20 • In support, the only acceptable alternative to 

this assignment, namely the 227. 2 cm -l transition, is site shifted by 

17. 7 cm-
1

• This large static field effect is clearly diagnostic of the 

out-of-plane A2u (v11 ) fundamental. Neither the 316. 6 cm -l nor the 227. 2 

cm -i transitions shows the theoretical factor group splitting. This 

result confirms a similar observation by PERSON et al. (5] and, irre­

spective of its uniqueness, in no way alters the conclusions drawn above . * 

* Note added in support of theoretical [2, 5, 8, 9, 10] and experimental 

findings that all A2u and E iu fundamentals occur at energies higher than 

200 cm -i. The infrared spectrum of C6F 6 in the liquid phase in the 

energy range 100 cm- 1 to 200 cm -l failed to reveal any vibrational 

transitions. The experiment was run using a Perkin Elmer model 180 

spectrometer with the far infrared attachment. The sample cell was 

1 mm thick and made from polyethylene. 
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2. Crystal induced ungerade transitions E2u (v16, v17), B2u (vw v15), 

Bm (1.112, !.113) 

Theoretically, all ungerade vibrational states are accessible 

spectroscopically in the reduced symmetry group of the sites. As 

stated previously however, transitions originating from the above 

molecular species are expected to be relatively weak. This, as shown 

in Figure 3, is in fact what is observed except for the unique case of v12 

and where in particular some modes as the out-of-plane C-F bending 

fundamental E2u (v17 ) can only be assigned to an observed transition 

(598 cm -l in this case) with reservation due to extensive crystal induced 

resonance interactions. Its value, as given, yields allowed and ob-

served combination bands with v4 , 11 5, v6, 118 and v9 • The remaining 

E2u (11 16), an out-of-plane ring bending mode, is outside our range of 

investigation and has been reassigned from Steele and Whifferls original 

value of 175 cm -l to 141 cm - 1
• This value, which is much closer to 

that predicted by GREEN (125 cm- 1
) on thermodynamic grounds [6] 

as well as to the calculated value of 121 cm- 1 by STEELE [2 ], uniquely 

explains the combination bands observed in the liquid at 334, 412, 510 

and 1299 cm -
1

• In addition, the weak transition observed in both the 

liquid infrared and Raman [14] spectrum at ~ 283 cm -l as well as in 

the crystal infrared spectrum at 284 cm -i finds welcome explanation 

as the first overtone of 1116 • The symmetry of this mode (a1g + e2g) 

accounts for its intensity in both the infrared and Raman spectra as it 

is undoubtedly in resonance with the adjacent E2g (116 ) fundamental. 

The only B2u class fundamental observable in our range of 

investigation is 1115, the C-F parallel bending vibration. This poorly 
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resolved mode which is observed in resonance with (6 + 19) forms 

combinations with the well established E2g fWldamentals v7, v8 and v9 • 

No alternative explanations are available for the 2407 and 2908 cm - l 

transitions correspondingly assigned. The lower B2 u mode v14 

characterized as a C-C stretch is reassigned to 193 cm -l from Steele 

and Whiffens 207 cm- 1
• This new value remains within the calculated 

limits [2] and Wliquely explains the weak transitions observed at 334, 

465, 637 and 1345 cm -
1

• 

The most intense fundamental in the crystal induced spectrum 

observed at 642. 2 cm -i is v12 ; it belongs to the B1u class and is des­

cribed as an in-plane ring bending. This transition which is unsplit at 

our resolution is observed to account for strong combination bands with 

both B2g and E2g class fundamentals. Though far from conclusive 

evidence, the large intensity of the transition suggests a distorted 

molecular structure at the sites. A distortion involving the fluorine 

atoms moving above and below the carbon ring would yield a D3ct molec­

ular structure. This structure which retains the center of inversion 

is an acceptible configuration under the restrictions imposed by the 

crystallographic point and site groups. This molecular symmetry 

alters the interpretation of the intensity from that of a crystal induced 

B1u fundamental in terms of the D6h planar structure, to one of a dipole 

allowed molecular transition with A2u symmetry in the point group of 

the distorted molecule. The remaining B1u mode and the E2u mode v15 

are expected in a similar manner to gain intensity from the distortion. 

This is not observed. The well resolved doublet at 1325. 1 and 1329. 3 

cm-
1 

is assigned as the B1u C-F stretching mode v13 • It appears in 
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combinations with v4 , '1;, v6, v7, v8 and v9 • As only two of the predicted 

four exciton components are observed in v13 and their polarizations are 

unknown, we do not attempt to analyze further the nature of this split­

ting in deference to the points raised earlier. 

3. Crystal induced gerade transitions A1g (v1' v2 ), A2g (v3), B2g (v4 , v5), 

E2g (v6, v.,, v8 , v9 ), E1g (1110 ) 

The appearance of the majority of these fundamentals in the 

solid state infrared spectrum is perhaps the most convincing of all 

experimental evidence to date on the symmetry of the crystalline site 

fields. The occurrence of some of these modes in the vapor phase 

however again raises a question as to the planarity of this molecule 

in the less condensed phases. The possibility of a slight distortion in 

the gas phase is indeed alluded to in the most recent electron diffraction 

studies (11] and in our estimation distinctly possible in view of the 

thermodynamic investigations of its state properties by DOUSLIN et al . 

[27 ]. 

The totally symmetric modes v1 and v2 are well-known in the 

liquid and crystalline Raman spectra. The lowest energy or ring 

breathing mode 111 has been observed at 559 cm -l (2] and 562 cm-1 

(14] in the liquid and 558 cm -l (14] in the crystal. The broad doublet 

in the infrared spectrum of the solid state at 555. 8 and 559 cm -l is 

correspondingly assigned as v1 • Its allowed combination bands with the 

Aiu and E1u class fundamentals are all observed. Similarily these com­

binations with v2, the C-F stretching mode, are also present. The 

assignment of v2 to the 1493. 5-1495.1 cm -l doublet in the crystal fol­

lows previous Raman data (2, 14] with liquid and crystal values of 1494 
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-1 
and 1489 cm , respectively. 

Within the forty-three em binary summation bands obtained for 

this molecule excluding the three in the (e 1u x a2g) class, no explanation 

is possible for the Fermi resonance doublet observed in each phase 

near 1010 cm -
1

• The A2g (v3) mode is expected to lie within the limits 

600-800 cm -l from calculation [2] and comparison with corresponding 

frequencies of lighter fluorobenzenes in the homologous series. Fol­

lowing previous interpretations this C-F bending mode is assigned the 

value 694. 8 cm -i in the crystal and correspondingly the em summation 

band (3 + 20) is the only plausible explanation for the resonance inter­

action with E1u (v19). No unambiguous assignment of a combination band 

involving v3 could be found in the crystal spectrum nor was v3 itself 

observed. 

The out-of-plane B2g fundamentals v4 and v5 are assigned solid 

state values of 242 and 718 cm - 1
, respectively. These modes whose 

first overtones are both observed in liquid Raman spectra at 491 and 

1436 cm -l [14] each are found in combination with B1u and E2u funda­

mentals. The complicated band shape observed in the region of v5, 

the in-plane ring bending mode, as well as its very weak spectroscopic 

activity in all phases remains to be adequately explained. The out-of­

plane ring bending mode v4 has not been observed in this investigation. 

Of all the crystal induced fundamentals those in the E2g class are 

most easily confirmed by analysis of infrared active combination 

bands and comparisons with Raman results. As these modes are 

active and appear as depolarized bands in the Raman effect (14] a 
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first order comparison can be made between the energies of "g" 

components of the exciton band and the "u" components present in the 

infrared spectrum. Abramowitz and Levin report the E2g fundamentals 

in the crystal at 267 cm -l (v6 ), 440-443 cm -l (v
9
), 1150-1160 cm -l (v7 ) 

and 1658 cm -l (v8 ). The first overtone of v6 in the liquid found at 

542 cm -l is not observed in the crystal. 

We find all the E2g fundamentals are infrared active in the 

crystalline phase. These values are listed in Tables II and m. 

Though no factor group splitting was detected in the two lower energy 

modes, each of the higher levels were split into well resolved triplets . 

These are shown in Figure 4. The location of the fourth allowed 

factor group component can not be determined nor for reasons stated 

earlier can the "static" field contribution to the observed multiplet be 

deduced independently of the interchange group (dynamic) effect. As 

the most active class in forming combination bands, twenty-four 

infrared transitions were uniquely assigned using the above values in 

conjunction with the B1u, E1u and E2u class fundamentals. 

The final vibrational state to be discussed is the E1g out-of­

plane c..:F bending mode V10· This transition which is weakly perturbed 

in the liquid phase is observed with moderate intensity in the crystal. 

It is the most intense crystal induced fundamental associated with a 

C-F bending motion. This is not unexpected however as it is the 

only out-of-plane transition of this type free from Fermi resonance. 

The 4. 6 cm -i splitting observed in the infrared spectrum of the crystal 

is similar to that reported in the Raman transition (14] at 370-375 
-1 

cm . The most intense component of the exciton band is site shifted 
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6. 8 cm-
1 

and is fowid in combinations with Vw v16, v18 , v19 and v20 • 

V. CONCLUSIONS AND SUMMARY 

The interpretation of the infrared spectrum of crystalline hexa­

fluorobenzene in comparison with the vapor and liquid state spectra 

has established the following: 

a) The fwidamental vibrations which carry the greatest intensity 

in the crystalline phase are, as is generally observed, those modes 

which are spectroscopically active in the vapor phase. The crystal 

induced transitions have absorption coefficients which range from zero 

to within one-half of the weakest gas phase allowed fundamentals. 

b) The typically observed result that is due to the larger ampli­

tudes of atomic displacements for out-of-plane vibrations as compared 

to the in-plane modes, the nonplanar transitions are in general more 

sensitive to the site potential field. As a consequence, the perturbation 

due to the site potential and that has been termed the "static" field 

effect results in larger gas to crystal shifts for the out-of-plane modes. 

In accord with this, the large site group shift (~ = 17. 7 cm -
1

) associated 

with the 227. 2 cm -l band in the crystal wiiquely determines its assign­

ment as the out-of-plane Azu (v11 ) fundamental. This result along with 

the small Ii. observed for the 316. 6 cm -l crystal transition wiequivo­

cally establishes its assignment as the lowest E1u (v20 ) fundamental . 

c) The appearance of the gerade fundamentals in the infrared 

spectrum of the neat crystal is believed to be without precedent for 

aromatic molecules containing a center of symmetry and which crystal­

lize in a centrosymmetric space group. This result which requires 
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molecular occupancy of the fourfold general positions in the space 

group is entirely consistent with the available crystal structure data. 

No such crystallographic requirement within the C2h space group is 

imposed by the appearance of ungerade fundamentals. 

Due in part to the apparent smallness of the interaction constants 

for the majority of observed fundamentals and the theoretical possibility 

of extensive resonance interactions, the available data are insufficient. 

to permit a quantitative analysis of the fine structure. 

d) Though no explanation is presently available, the intensity of 

the allowed fundamentals associated with C-F bending motion, A2u (v11 ) 

and E1u (1120), are unexpectedly low in all phases though somewhat 

enhanced in the crystal. This occurrence is similarily found for all 

crystal induced infrared transitions associated with C-F bending 113, 

v9, v101 11 15 and 1117 with the exception of the strongly perturbed out-of­

plane E1g mode. In particular the A2g (v3 ) mode is not observed in the 

crystal spectrum. This trend in this system is likened to the obser­

vation that fundamentals active in the Raman effect associated with 

vibrations involving largely C-F stretching are usually very weak (28 ]. 

e) No conclusion as to the planarity of the C6 F 6 molecule in the 

solid state is possible from the spectroscopic evidence. The restric­

tions imposed upon the molecular symmetry by the unit cell weight and 

space group designation only require that two molecules retain the 

inversion center. A D3d puckered structure therefore remains 

plausible. The case is similarily unclear in the vapor phase. The 

at present unexplained variations in expected vapor phase electron 



38 

diffraction and thermodynamic results in comparison to the D6h 

molecular model suggest continued study of this system. It is felt that 

any future investigations should pay particular attention to the asym­

metric nature of the intermolecular force field in the gas phase noted 

by OOUSLIN et al. as well as the apparent though very weak infrared 

activity of the gerade fundamentals llu 11 5, 117 and 118 • 
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Table lA. Set 1 

Molecular Site Group Representations 

Symmetry Symmetry of Interchange Factor Group 

Group Symmetry 

D6h C1 C2h C2h 

a,g} ag a 

b 
g 

a2g a g b g 

b2g . 
au au 
b b u u 

ag 2a g e,g} b 2b 

e2g 
2a g g 

au 2a 

bu 
u 

2b u 

a2U 
ag 

biu a 
b g 
a 

h2u 
u 

b u 

2a g e,u} 
e2U 

2a 
2b g 
2a u 
2b u 
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Table lB. Set 2 

Molecular Site Group Representations 

Symmetry Symmetry of Interchange Factor Group 

· Group Symmetry 

D6h c. 
1 C2 C2h 

a,g} (:) a2g ag ag 

b2g bg 

e,g) (:) 2a 

€2g 
2a g 

g 
2b g 

~u} b1u au (:) a 

b2u 

u 
b u 

e,u) (:) 2a 

e2u 
2a u 

u 
2b u 
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Table III. Fundamental Frequencies 

Gas Liquid Crystal Symmetry Notation a) 

(cm - 1
) (cm - 1

) (cm-1
) 

557 557 555.8b A1g 1 
1493 1493 1494.3b A1g 2 

697.4 690 694.8 A2g 3 

245 244 242 B2g 4 
717 718 718 B2g 5 

272 271 271 E2g 6 
1657 1657 1656.8b E2g 7 
1156 1157 1158.2b E2g 8 
443 443 444 E2g 9 

370 371 376.8b E1g 10 

209.5 216 227.2 A2U 11 

645 641 642.2b B1u 12 
1325 1324 1327.2 B1u 13 

194 193 193 B2U 14 
1252 1253 1252.Bb B2U 15 

142 141 141 E2U 16 
600 599 598 E2U 17 

1532 1525 1532b E1u 18 

~1000 G993J G 997. ~ El\i 19 1020 b, c 1019 b,c 1025.5 b,c 

312.6 314 316.6 E1u 20 

a)Vibrational numbering of E. B. Wilson (24]. 

b)These values represent the mean of the exciton band or that com­
ponent with most of the oscillator strength. 

c)Fe · · rm1 resonance pair. 
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Figure lA. Gas phase spectrum of C6 F6 • 

Full spectrum recorded at 80 mm pressure; partial 
spectra of more intense Eiu fundamentals obtained at 
reduced pressures. Cell ength, 5 cm. 



46 

8 co 

§ 
(\J 



47 

Figure lB. Liquid phase spectrum of C6F6 • 

Full spectrum recorded with a path length of O. 0975 mm. 
Partial spectra of intense E1u fundamentals from thin 
films between Cs I plats. · 

* = Instrumental artifacts. 
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Figure 2. Dipole allowed transitions in crystalline C6F 6 • 

Vu (A2u); Vis' V19, V20 (Eiu) 
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Figure 3. Crystal induced ungerade transitions in C6 F6 • 

V12' V13 (B1u); Vis (B2u); V17 (E2u) 
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Figure 4. Crystal induced gerade transitions in C6 F6 • 

V1' V 2 (A 1g); v5 (B2g); V6, v7 , v8 , v9 (E 2g); V10 (E1g) 
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MICHAEL D. BERTOLUCCI and G. W. ROBINSON 

Arthur Amos Noyes Laboratory of Chemical Physics, 

California Institute of Technology, 

Pasadena, California 91109 

Abstract: The infrared spectra of 1, 3, 5-trifluorobenzene and 1, 3, 5-
~ 

trideuterotrifluorobenzene in the vapor, liquid, and crystalline phases 
-1 -1 

have been recorded between 200 cm and 3300 cm . Low resolution 

laser Raman spectra for these materials in the liquid and crystalline 

phases have also been obtained. A detailed analysis of all spectra 

including the first complete interpretation of those for 1, 3, 5 C6 F3D3 has 

firmly established the assignments of all fundamental vibrations for 

these molecules. 

The interpretation of the infrared spectra obtained from the 

solid state provides direct evidence for the assignments of the calculated 

but unobserved Ai_' and E" fundamentals. The analysis has been based 

on primary crystallographic data recently secured in these laboratories . 

Additional information obtained where possible from mixed-crystal 

studies has been used to clarify the origin of specific fine structure 

observed in the pure crystal. 

* This work sponsored in part by the U. S. Army Research Office - -

Durham, under contract No. DA-31-124-ARO-D-370. 
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INTRODUCTION 

The first complete assignment of the fundamental modes of 

vibration for 1, 3, 5-trifluorobenzene was made by Nielsen, Liang, and 

Smith [ 1]. They studied the vapor and liquid, infrared and Raman 

spectra in the regions 440 cm-
1 

to 4800 cm-1 and ..... 200 cm-1 to 3700 cm-i 

respectively. In addition to the spectrally inactive A~ fundamentals, 

the lowest energy A: mode was not observed. The values for these 

modes, with the exception of the lowest A~ fundamental, were deduced 

from an analysis of the combination bands. The results, assuming 

D3h molecular structure, were based on the normal mode analysis 

containing the symmetry species: 4A~ + 3A; + 3A; + 7E' + 3E". A 

normal coordinate analysis of the non-plnar modes (A; and E") was 

performed by Ferguson [ 2] and confirmed Nielsen's et. al. inferred 

value for the lowest A~' fundamental. The lowest energy E" mode was 

reassigned and the values for the two highest A~ fundamentals were 

retained. Almost ten years later, the value of the lowest E" mode was 

reassigned by Nonnenmacher and Mecke [ 3] , but quickly returned to 

Ferguson's original value in the comprehensive work by Scherer, 

Evans and Muelder [ 4]. These latter investigators, who combined 

liquid Raman and solution infrared experimental data with a Kekule 

modified Urey-Bradley force field (UBFF) calculation, analyzed, 1, 3, 5 

CaFsH3 and 1, 3, 5 C6Br3H3 and their isotopic derivatives. In this work 

Scherer, et al. argued against the original [ 1] assignments of the 

two higher ~ modes, reassigned them to values more acceptable to 

results obtained in this work for 1, 3, 5 C6F3H3 and presented an equally 
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acceptable value for the lowest A~ fundamental. This work was an 

extension of an earlier investigation by Scherer, et al., and Overend 

[ 5] on 1, 3, 5 C6Cl3H3 and 1, 3, 5 C6Cl3D3 and provided corroborating 

evidence for the model of the calculation. The model has since been 

relied on by Green, Harrison and Kynaston [ 6] to evaluate the A~ 

frequencies for mesitylene. This wealth of experimental and theoretical 

data in addition to the qualitative aspects of modern excitation theory 

forms the basis from which the interpretation of the extended experi­

mental data presented here was made. 

DISCUSSION OF THEORY 

The selection rules derived from the dipole moment and polariz­

ability tensor in the D3h molecular point group predict infrared activity 

for the A; (out-of-plane) and E' (in-plane) fundamentals and Raman 

activity for the E' , A; and the E" (out-of-plane) fundamentals. These 

selection rules, which are expected to be rigorously obeyed in the 

vapor phase, are only applicable for the liquid in a qualitative sense 

[7] and are appropriate for the crystalline phase only in the lowest 

order approximation (oriented-gas model). As we are investigating 

the nature of the crystalline potential field and its effects on the 

ground state fundamental vibrations, we must reformulate the selection 

rules in accord with the factor group symmetry of the crystal. This 

"factor group" analysis of the isolated, or unperturbed, molecular 

vibrational states is amply described in previous theoretical papers 

[ 7, 8, 9, 10, 11, 12]. The result of such an analysis is presented in 
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Table I. This table indicates the origin of : (a) the "site group" 

splitting [ 11] or removal of degeneracies by the site adaptation of 

the unperturbed vibrational states, (b) the symmetry restricted coupling 

through the "interchange group" concept [ 13] between one site exciton 

states generated at (a) within the first order theory of the Frenkel 

exciton model [ 14, 15] and (c) the resultant number of vibrational 

exciton states in the crystal, or Davydov components [ 12], related 

to each vibrational degree of freedom analyzed in terms of their 

crystal symmetry. The required crystallographic data used in formu­

lating this analysis were obtained by Bertolucci and March [ 16]. They 

found that sym-trifluorobenzene crystalizes at -17°C in the space 

group C 2/c (C~h) with four molecules per unit centered cell. These 

molecules reside at lattice sites with C2 point symmetry. The two 

non-translationally equivalent molecules within the unit cell are inter­

changed by the element of inversion. Thus the intermolecular coupling 

is described by a subgroup of the c2h factor group which is isomorphic 

with the Ci point group. This subgroup is known as the interchange 

group. It is expected upon inspection of Table I that even though there 

are two translationally inequivalent molecules per unit cell, electric 

dipole excitation of an unperturbed, non-degenerate vibrational state 

does not result in the population of two factor group, or exciton states 

in the solid. A transition to one of the states is forbidden due to the 

"crystal induced" g - u selection rule. This selection rule originates 

from the reclassification of the symmetry species for the unperturbed 

vibrational states to the symmetry species for the site adapted exciton 
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states. The g - u selection rule in this context, however, does not 

appear experimentally to be a rigorous selection rule for very intense 

transitions. The relaxation of the selection rule is attributed to a 

Fermi resonance interaction which is not that typically found in 

molecular crystals and may be due to random disorder in the lattice. 

The interaction is similar to the intermolecular resonance per­

turbation on optical selection rules observed in mixed-crystals of 

benzene by Bernstein [ 17]. The anomalous result referred to was the 

observation of an infrared active g - g transition in benzene when an 

intense guest transition was nearly degenerate with it. We feel the 

mechanism for this interaction in the mixed-crystals, the strength of 

which is inversely proportional to the energy separation and involves 

intensity borrowing, is intimately related to the loss of the host's 

Ci site symmetry in the vicinity of the guest molecule. The Fermi 

interaction alluded to in the present case is also intermolecular and 

does not involve an extraneous state such as a combination band. The 

states between which the resonance interaction is thought to occur 

originate from the in-phase and out-of-phase coupling of the transla­

tionally inequivalent molecules in the unit cell. The symmetry classifi­

cation of the resulting exciton states in a disordered lattice, unlike 

the result in Table II , reduces to the trivial "a"representation of the C 1 

group. Thus all components have the same symmetry and dipole 

transitions between them and the ground state are allowed. When the 

problem is treated as a localized perturbation, we say the forbidden 

components borrow intensity from the formerly allowed and intense 
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transitions by a Fermi resonance interaction. As the factor group 

splitting of vibrational states in molecular crystals is usually small 

[ 17, 18], the interacting states are in addition very close in energy. 

The specific kind of lattice disorder referred to here and which 

can occur even in the most carefully grown crystals is related to 

twinning [ 19]. In this context a twinned crystal, i.e., one which 

consists of regions having two different crystallographic orientations, 

is possible by trapping a molecule in the rapidly growing crystal face 

which is rotated (with respect to the molecular z axis) 60° out-of-

phase with the initial molecular orientation. If this were to occur, say, 

for only one percent of the molecules, a disordered lattice of the type 

studied by Bernstein is theoretically modeled. An example of this 

type of perturbation on the selection rules obtained for the perfect 

crystal is discussed in section IV. 

EXPERIMENTAL 

Sym-trifluorobenzene was purchased from Peninsular Chem­

research and following fractional distillation on a 20" spinning band 

column was found to be spectroscopically free of impurities in the 

homogeneous series C6HnF6 _n. Vapor phase chromatographic 

analysis [ 20] confirmed this result. 

Sym -trideuterotrifluorobenzene was purchased from Merck 

Sharpe and Dohme of Canada and was found to contain - 5% 1, 3, 5 

C5F3D2H impurity by mass spectral analysis. Lacking an effective 

and practical purification procedure, the material was used as 

received. 
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·The various spectral measurements reported in Tables III and 

v and depicted in Figures 3, 6, 11 and 12 were recorded on a Beckman 

model 12 infrared spectrometer. Typical resolution in these spectra 

was approximately 1 cm -i with scanning rates in the region of from 2 

to 4 cm - 1/min. Figures 1, 2, 7 and 8 are low resolution spectra 

obtained on a Perkin-Elmer 221 spectrometer for convenience of 

display. 

Raman spectra as reported in Tables II and IV were obtained 

with a Cary model 81 spectrometer equipped with a Helium-Neon gas 

laser. The Raman scattering viewed at 180° and dispersed at a 

grating ruled 1200 lines/mm and blazed at 5000 A in first order was 

focused on a RCA 7326 phototube with S-20 response. The resultant 

low resolution spectra are shown in Figures 4, 5, 9 and 10. 

Infrared spectra of the vapor and liquid phases were obtained 

using standard cells with cesium iodide windows. The gas cell had 

an effective path length of 5 cm. The liquid cells commercially 

available from Perkin-Elmer Corp. and used for the low resolution 

display curves had a 0. 0975 mm pathlength. The sample cells and 

techniques used in producing crystalline samples have been described 

previously [ 20] and yielded polycrystalline samples with thickness 

in the ranges of 10µ ± 5µ to 150µ ± 20µ. Solid samples were main­

tained in vacuum at 77°K throughout the course of the investigations 

by conduction cooling with liquid nitrogen in a standard double-wall 

metal Dewar. 
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· Crystalline samples for the Raman analyses were grown in a 

cell designed in these laboratories and within which the crystals could 

be maintained at 80°K ± 2 ° via a heat exchanged N2 gas flow. 

RESULTS AND DISCUSSION 

High resolution infrared spectra between 200 cm - 1 and 3300 

cm - 1 for the three states of aggragation of 1, 3, 5 C6 F3 H, denoted as 

(H
3
), and 1, 3, 5 C6 F3D3 , denoted as (D3 ) have been obtained, correlated 

and compared with the most recent theoretical calculations. This 

analysis in conjunction with a similar investigation on the low resolu:­

tion Raman spectral data obtained from the liquid and crystalline 

phases has provided sufficient experimental data to completely assign 

all fundamental frequencies for these molecules. A compilation of 

these frequencies appears in Tables VI and VII. Note in Tables III 

through VII, capital lettering is reserved for the fundamentals and 

lower case lettering for the combination bands. 

A. Assignment of the A1 ' (vp 112 , 113, 114 ) Fundamentals. 

The experimental frequencies for the totally symmetric vibra­

tions in the liquid phase for (H3) are well known [ 1, 4]. In this investi­

gation they appear as strongly polarized and intense Raman transi­

tions at 576. 3 cm -1(111), 1009. 4 cm -\112), 1350 cm -\v3) and at 3070 -

3092. 5 cm -
1

(114) which is in Fermi resonance with (v15 + 1116) denoted 

as (15 + 16). See Figure 4. An alternative assignment proposed by 

Nielson [ 1] for the combination band giving rise to the resonance 
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2 
interaction in v4 , namely (v7 ) , and denoted as (7 + 7), is removed 

in this investigation. With the exception of the Fermi doublet which 

lies in an Wlaccessible region with poorly scattering multicrystalline 

samples, Figure 5 illustrates the totally symmetric modes in the 

crystal. They appear strongly as very sharp polarized bands at 578 

cm- 1(v1), 1010 cm-\v2 ) and 1345 cm-\v3). No splitting is observed 

for these fundamentals in accord with the factor group analysis in 

Table I and they are not observed in the infrared spectra of any 

phase. 

The experimental frequencies for the Ai' modes in (D3 ) have 

been established both theoretically and experimentally in the liquid 

phase by Scherer et.al.[ 4]. These fWldamentals were found in the 

Raman spectra illustrated in Figures 9 and 10 and occur at the fre-
-1 -1 -1 -1 

quencies 577. 4 cm and 577. 5 cm (v1), 966 cm and 969 cm 

(v2 ), 1350 cm- 1 and 1345 cm -i (v
3

) and 1213 cm - 1 and 1213 cm -l (v4 ) 

in the liquid and crystal respectively. As with the protonated isomer, 

no splitting was observed in the crystal spectrum nor where these 

modes foWld as crystal induced transitions in the infrared experiments. 

B. Assignment of the A/ (v5 , v6 , v7 ) Fundamentals. 

The frequencies for the spectrally inactive Az' modes in (H3 ) 

have been subject to numerous interpretations [ 1, 2, 4]. In particular 

a firm assignment for the lowest energy mode, v5 has been especially 

lacking. The observation of the crystal induced transition at 551. 6 

cm -1, however, presents cone lusive evidence for the validity of the 
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extended UBFF calculations by Scherer [ 4] to predict the energy of 

these planar modes within reasonable limits. The calculated value 
-1 

for 115 was 564 cm . In support of our assignment we find this mode 

in active combinations with the E fl fundamental 11111 v12 , and v14 in 

the vapor phase spectrum. The original description of these transi­

tions [ 1], observed at 882 cm -i, 1056 cm -1, and 1662 cm -1, respect­

ively, required an appeal to a difference band, a summation band 

with an unreasonably poor energy correlation or was not assigned. 

The transition is depicted in Figure 6 and is seen not to be split in the 

crystal field. 

The frequency of v5 in (D3 ) has been calculated on the basis 

of observed combination bands with the E' fundamentals, v11' v12 , 

-1 
v13 and v14 • Its value in the crystal has been accepted as 518 cm . 

This value which is within 2 cm -l of the UBFF calculation [ 4] can not 

be verified by direct observation in the infrared spectrum of the 

crystal due to the near degeneracy of the strong~ fl fundamental, v9 • 

The energy of the intermediate fundamental v6 (H3 ) and (D3 ) 

has been deduced from the analysis of observed combination bands as 

presented in Tables III and V. The fundamentals themselves are 

observed in the infrared spectra of the respective crystals and each 

fall within a region complicated by the presence of dipole allowed 

combination bands. The energies for these modes in the crystal is 

taken as 1200 cm - 1 (H3) and 998 cm -i (D3 ) respectively. The crystal 

induced resonance interaction between v6 and (19 + 19) in (H3) is the 

most striking of the two band systems. The resonance interaction, 
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which is only possible in the reduced symmetry group of the site, 

results in a significant intensity enhancement. It is perhaps this 

interaction which leads to the discrepancy with the calculated fre­

quency of 1165 cm -l [ 4]. The observed value is seen in combination 

with the E' fundamentals V 1u v 12 , 1114 , v15 and v16 • 

The highest energy AJ. fundamental, v7 , which can be roughly 

characterized as a planar ring deformation, corresponds to the higher 

energy member of the B2u class in the symmetrically substituted 

hexagonal aromatics [ 21]. The value of this particular mode in 

benzene [ 17], hexadeuterobenzene [ 17] and hexafluorobenzene [ 20] is 
-1 -1 -1 

1309 cm , 1285 cm and 1253 cm respectively. It is thus relatively 

unaffected by changes in the mass of the ligands. The calculated 

values for v7 by Scherer [ 4] are 1294 cm -
1 

(H3 ) and 1189 cm -
1 

(D3). 

We can only conclude from the above,and on the basis of an analysis of the 

combination bands observed in the crystal, that the calculated value for 117 

in the deutero isomer is -104 cm - 1too low. An energy of 1303 cm- 1and 

1293. 5 cm-
1 

observed andassigned to v7 in the solid phase of (H3 ) and (D3), 

respectively, yields allowed and observed combination bands with every E ~ 

Most importantly the e' combination band (7 + 11) is observed to 

persist in its Fermi resonance interaction with the E' fundamental 

1113 in each isomer. Nielsen's perferred assignment for the combina­

tion band responsible for the resonance splitting in v13 , namely the 

e' (12 + 14) band, cannot explain the continued resonance in the 

deuterated isomer since v14 in the (D3) isotope is shifted by - 70 cm - 1
• 

The corresponding isotope shift in the v13 multiplet is only 12 cm - 1 

in the liquid and 6 cm -l in the crystal. As there is no alternative 
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explanation to the observed resonance doubling of the E' fundamental 

calculated to occur at 1619 cm -
1 

(D3) [ 4] and observed at 1620 cm -
1 

in the (D3 ) crystal, both the assignment for the resonance interacting 

state and the value for v7 in the two isomers must be accepted. 

c. Assignment of the Ai 11 (v6 , V 9 , 11 10 ) Fundamentals 

The energy of the parallel or z polarized, out-of-plane ~" 

vibrations are for the most part well known [ 1, 4]. These fundamentals 

which are dipole allowed in the molecular point group are expected to 

give rise to strong C contoured transitions in the vapor phase [ 22] 

and show no factor group splitting in the crystal (see Table 1). The 

observation of the lowest energy member of this symmetry, v8 , 

respectively in the vapor, liquid, and crystalline phase at 206. 8 cm -1, 
-1 -1 -1 -1 -1 

210 cm and 211. 5 cm for (H3) and 207 cm , 213 cm and 213 cm 

for (D3) represents the first experimental verification of these transi­

tions. Figure 3 illustrates the general contours observed for both 
. -1 -1 
isomers in the 200 cm . to 400 cm region when in the vapor phase. 

The distorted C contour of 116 is due to the onset of absorption by the 

CsI windows. This ~" mode is seen to be quite sharp in the liquid 

phase (see Figures 2 and 8) as well as sharp and fairly intense in the 

crystal (see Figures 6 and 11). 

The remaining~ 11 fundamentals, v 9 and Vrn, are readily 

assigned from their intensity and vapor phase contours. These funda­

mentals appear to be essentially unperturbed in the potential field of 

the crystal as they are shifted by no more than 2 cm - i from their 

vapor phase origins. The accepted values for 119 and 1110 in the 
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crystalline phase based on observation and the analysis of numerous 

combination bands respectively are 665 cm -\H3), 523 cm - 1 (D3 ) and 

846 cm -\H3), 776 cm -i (D3). 

D. Assignment of the E' (vi! through v11 ) Fundamentals 

The assignment of the planar E' fundamentals which are 

spectroscopically allowed in both the infrared and Raman spectra 

under the appropriate gas phase selection rules are well established 

and require little verification here. Their appearance in the low 

resolution Raman spectra of the crystal cover the entire range of 

intensity distributions from strong, as with the parallel ring defor­

mation v12 (H3) and the principly C-D bending mode v13 (D3), to 

unobserved as with v14 (D3 ) and v15(H3). As no factor group splitting 

was resolved for modes of this species at the limited resolution of the 

experiments, the intermolecular coupling between g states in these 
-1 

crystals must be less than - 3 cm . 

The infrared spectra of polyatomic crystalline materials, 

possessing less than D6h molecular symmetry in general yield little 

definitive information on the intermolecular force field [ 21]. This 

is due in part to the fact that with the exception of only the lowest 

energy transitions, few bands are free of extensive resonance inter­

actions. These interactions arise principly from the reduced 

molecular symmetry at the crystallographic site and the resultant 

enhancement in the frequency of allowed Fermi couplings. The 

occurance of these "crystal induced" Fermi interactions are quite 
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extensive in the (H3 ) and (D3 ) crystals. As a result, only a selected 

few of these degenerate fundamentals will be discussed. A general 

analysis of all E' fundamentals appear in Tables II through V, how­

ever, and the accepted values for the mean of the observed exciton 

bands are summarized in Tables VI or VII. 

The lowest energy E' fundamental v11 that is characterized as 

predominantly C-F bending is virtually unperturbed in the crystal 
-1 -1 

field and occurs at 326 cm in (H3) and 325. 2 cm in (D3). As such, 

no factor group splitting is observed in this transition. A similar 

result has also been observed for the corresponding E1u (1120 ) parent 

transition at 316. 6 cm -i in hexafluorobenzene [ 18]. A case in which 

the relatively unperturbed interchange group splitting [ 13) is resolved 

is v12 in (D3 ). This fundamental which can be characterized as a ring 

deformation is shown in Figure 11, and as a rather dilute guest 

( ~ 1 %) in a hexafluorobenzene host crystal in Figure 12. The 
-1 

appearance of the factor group component at 504. 5 cm in the pure 

crystal and its absence in the mixed crystal supports its assignment 

as an interchange group component [ 13, 15]. Thus the 9 cm -i 

splitting observed for this transition is a measure of the intermolecular 

coupling between the approximately degenerate site states of the two 

translationally inequivalent molecules per unit cell. The magnitude 

of this splitting seems rather large for an in .. plane species and may, 

therefore, reflect the added effect of a resonance interaction with the 

first overtone of v18 (18 + 18). The energy of this combination band 
. -1 
is calculated to be 500 cm in the crystal and has not been resolved 
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in either the vapor or liquid phase spectra. Another example centers 

around the interpretation of the well resolved quartet observed for 
-1 -1 -1 

v
13 

in (H3) with components at 993. 9 cm , 987. 9 cm , 983. 4 cm 

and 981. 4 cm .. 
1

• It is shown in Figure 6. This mode which can be 

characterized as predominantly C·H bending is one of the most intense 

fundamentals in the spectrum and occurs in a region uncomplicated by 

binary summation bands. The factor group analysis for this mode 

predicts that only transitions from the totally symmetric ground state 

(ag) to the two ungerade factor group states (~ + bu) are dipole 
-1 

allowed. The appearance of the two weaker components split by 2 cm 

suggests, however, that these transitions correspond to the Raman 

active gerade components of the exciton band. The mechanism for 

the relaxation of the crystal induced selection rule has been 

discussed in a previous section. This effect has not been clearly 

resolved in any other transition in these spectra, but is considered 

to be a contributing factor to the breadth of the intense E' 

.fundamentals observed at 505 cm- 1
, 1121 cm-1, 1474.8 cm- 1

, 

1626 cm- 1
, and,..., 3120 cm- 1 in the (H3 ) crystal [23]. 

E. Assignment of the E" (11 18 , 11 19 , 1120 ) Fundamentals 

The E" fundamentals are a Raman allowed species in the D3h 

molecular point group. It is observed, however, that only 1118 , the 

out-of-plane ring deformation, and 1119 , the out-of-plane C-F wagging, 

appear in the Raman spectrum of the liquid with any appreciable 

intensity. The out-of-plane C-D wagging mode 1120 is too weak to be 
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observed in either the liquid or crystal Raman spectrum of (D3 ) and 

the corresponding mode in (H3 ) is only observed very weakly in the 

liquid. Thus the assigrunent of the highest energy mode to date for 

these molecules has been based primarily on calculation [ 2, 4]. The 

observation of all E" fundamentals in the infrared spectra of (H3 ) and 

(D
3

) in the crystalline phase, therefore, represents the first substan­

tial verification of the previous 1120 assignments. 

The lowest energy member of this class, 1118 , appears in the 

infrared spectra as a purely crystal induced transition at 266. 6 cm - i 

in (H
3

) and a doublet at 250-257. 5 cm-
1 

in (D3). The strong liquid 
·. -1 -1 
phase Raman bands at 255. 3 cm in (H3) and 238. 4 cm in (D3 ) are 

seen to be dramatically split in the crystalline phase Raman spectra. 

Their values in the crystal are 253-262 cm -l in (H3 ) and 236. 5 - 246. 5 

cm •
1 

in (D3). Though this splitting in the Raman spectra is an explicit 

illustration of the degeneracy in the liquid phase transition, nothing 

can be said about the origin of the crystal induced factor group com­

ponents in the absence of mixed-crystal data. 

The intermediate fundamental, 1119 , appears with moderate to 

weak intensities in both molecules in the Raman effect. It is observed 

at 594. 9 cm • 1 and 597 cm • 1 (H3) and 539 cm • 1 and 547. 5 cm - 1 (D3) 

in the liquid and crystalline phases respectively. No splitting was 

observed in these spectra nor was 1119 split in the crystalline phase 

infrared spectrum of (H3). The infrared band was observed at 593. 8 
-1 

cm . The infrared spectrum of (D3) in the crystalline phase, how-

ever, shows 1119 to be a very intense transition split by 10. 2 cm-
1

• 
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. • -1 
The factor group components of this band are found at 532. 5 cm and 

542. 7 cm-
1 

in the pure crystal and are seen to coalesce into a single 

weak crystal induced transition at 542 cm - 1 in the C6 F 6 mixed-crystal 

. spectrwn shown in Figure 12. This result indicates that the origin 

of the splitting is intermolecular as opposed to site splitting and that 

a large amount of crystal induced Fermi resonance with significant 

intensity borrowing is occuring in the pure crystal between v19 and 

the ~" mode v9 • 

The remaining E" fundamental has been calculated to lie at 

838 cm -l in (H3 ) and 699 cm -
1 

in (D3) by Scherer [ 4]. The transition 

to v20 in crystalline (H3 ) has been observed as a very intense and 
-1 -1 

broad band with components at - 858. 2 cm and 862. 5 cm . The 

transition is obviously in resonance with the Az" mode v 10 and does not 

appear in the liquid or gas phase infrared spectra. In crystalline 

(D3), v20 appears as a purely crystal induced transition with factor 
. -1 -1 

group components at -709 cm and 715. 8 cm . This transition was 

too weak to be observed in the mixed crystal experiments so no infor­

mation on the origin of the splitting is available. The weak feature 

to higher energy of this band, as seen in Figure 11, is attributed to 

the 1, 3, 5- C6 F3D2 H impurity level corresponding to this fundamental 

[ 4] and in resonance with it. 

SUMMARY AND CONCLUSIONS 

The analysis of the infrared and Raman spectra of 1, 3, 5 C6 F
3
H3 

and 1, 4, 5 C6F 3D3 for the vapor, liquid, and crystalline phases has 
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established or led us to the following: 

(a) The energy of the A;." fundamental corresponding to the 

out-of-plane C-F bending has been experimentally verified 

to be essentially independent of isotopic substitution and to 
-1 -1 

occur between 206 cm and 213 cm depending on the 

isomer and state of aggregation. 

(b) A self-consistent assignment for all the spectrally in­

active A;.' fundamentals has been obtained from: (1) a 

correlation of known energies for corresponding vibra­

tional motion in molecules throughout the fluorobenzene 

series (F 1 to Fa) and with the isotopic derivatives of ben­

zene (Ha, sym-D3 , and Da); (2) dipole allowed and 

observed combination bands formed with the well known 

E' species; (3) direct observation in the perturbed mo­

lecular system that exists in the crystalline state and 

(4) a correlation between the observed energies and 

those obtained from the modified UBFF calculations. 

(c) The energies of the predominantly C-H and C-D out-of­

plane wagging fundamentals have been established at 
-1 -1 862 cm and 715. 8 cm , respectively. The observation 

of these E" fundamentals in the infrared spectra of the 

solid phase represents the first conclusive experimental 

evidence for their assignment. 

(d) In the reduced symmetry of the crystal, Fermi resonance 

interactions between fundamentals and with combination 
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bands were found to be extensive and obscure the 

exciton structure of most transitions. A number of 

fundamentals wiperturbed by resonance effects of this 

kind, however, have been observed in the crystal. Factor 

group splitting could be resolved only for a limited number 

of these fundamentals. 

(e) The concept of a new kind of Fermi resonance interaction 

has been introduced. This interaction is treated as a 

localized perturbation on the symmetry classifications of 

the various components within a given exciton band. It 

is an intermolecular interaction in principle and is 

intimately related to the intensity of the unperturbed 

transition and random defects in the crystal lattice. 
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Table 1 

Correlation Table for the Parentage and Factor Group 

Analysis of the Normal Coordinates 
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Site Interchange Group Factor Group 

parent Origin Components Representations Components 

(D6h) (D3h) (C2)a) (C.) (C2h) 
1 

-
aig I ag 

a1 a a +a 
b1u au 

g u 

a2g I b 
ag 

bg +bu a2 
b2u au 

~u II b 
ag 

b + b a2 
b2g au 

g u 

e1u I a+b 
ag ag + bg 

e 
e2g au a + b u u 

eig 
II a+b 

ag ag + bg 
e 

e2U au au +b u 

a)The C2 molecular axis parallels the b crystallographic axis and 
-" 

:corresponds to C2 (y) in the conventional coordinate system for C6H6 • 
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Table II 

Raman Frequencies Observed for 1, 3, 5-C6 F3H3 
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Crystal 1re1 Liquid 1rel [1, 2] Polarization Assignment Symmetry 

253 ) ms 255.3 s 253.4 dp 18 E" 
262 

328 ms 326.4 mw 326 dp 11 E' 

502 s 503 m 502.3 dp 12 E' 

578 vs 576.3 vs 577.6 p 1 A' 1 

597 w 594.9 mw 594.6 dp 19 E" 

847 vvw 847 ? 20 E" 

993 w 992.9 vw 993 ? 13 E' 

1010 vvs 1009.4 vs 1010 p 2 A' 1 

1102 vw (sh) 1102 vw (sh) ? 5+5 I I a1 + e 

1117.5 s {b) 1123. 9 mw 1121.8 dp 14 E' 

1189. 9 1191 ? 19 + 19 I I vw a 1 + e 

1345 ms 1350 s 1350 p 3 A' l 

. 1471.4 vw 1471 ? 15 E' 

1613} w 1613 } mw (1609} dp 
(7 ~

6

1J ( E' 
1635' w 1635 mw 1631 e' 

(3070 ) w (3071} ? 4 A' 
3092.5 3092 

1 
w 

3111 mw 3111 ? 17 E 
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Table III 

Infrared Frequencies Observed for 1, 3, 5-C 6 F3H3 
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Gas a) 1rcl 
Liquid a) 

1re1 Crystal 1rel Symmetry Assignment 

206. 8 (Q) ms 213 s 211. 5 s A; 8 

266.6 m E11 18 

325 (Q) ms 327 s 326.1 s E' 11 

448) 
457 

vw (b) 467 ms (b) (477.2} 
482. 8 s (b) e' 8 + 18 

503 (Q) s 507 vvs (503.4} s (b) E' 12 
507.2 

520 w (sh) ..... 530 mw (sh) a'+ e' 1 18 + 18 

551.6 mw A' 2 5 

595 vw (b) 593.8 mw E11 19 

665 (Q) s 665 vvs 665.6 ms A11 
2 9 

775 vwyQ) 773.5 vw 776.8 a II · II II 12 + 18 w i + ~ + e 

785.8 vvw (b) ~' 1 + 8 

805.4 vvvw 795 w (b) 803 w (b) e' 8 + 19 

848. 5 (Q) vs 846 vs 843.~ A11 10 
845. } 

2 

s (b) 

..... 858.2J E" 20 
862.5 (a~+~+ e') (18 + 19) 

882. (Q) vw (sh) 876 (sh) e' 5 + 11 

900 } w (b) 905 vw (b) e' 1 + 11 
920 917.5 vw 920 vw (b) a;'·+~'+ e" 11+19 

981.4 

997 (Q) vs 993 vs 983.4 E' 13 
987.9 s 

993.9 vs 



84 

Liquida) I 
rel 

- -
1056 vvw (b) 1056 ms 

1088 vvw (b) 1080 vvw 

1127 (Q) vvs 1124 VVS 

1154 vw (b) 

1260 w 1261 m 

1283 vvw 1280 w 

1319 v.w 1317 mw 

1336 vvw (b) 1337 vw 

1352 mw (b) 

1437 s (b) 1435 ms (b) 

14'57 s (sh) 1456 (sh) 

Crystal Symmetry Assignment 

1003. 2 a~ + e' 

1057 vw e' 

1080 w (b) e' 

1121 vvs E' 

1134. 6 vvs (sh) a~ + ~ + e' 

1154 

1194 

1198 

1200 

1245 

1261 

12931 
1299} 

1303 

1317} 
1323 

1332 

1340 

131)4 

1435 

1453 

vw ? 

w (b)} {{'+al'+ e" 
mmw (sh) a1 ' + e' 

A/ 

vw (b) 

ms 

ms (b) 

m 

s (vb) 

s (b) 

a" 2 

C 
e' 

II II II 
a 1 + ~ + e 

~ + ~ + e' 

e' 

e' 

a~' + a; + e 11 

(
e' 
a; 

a~+~+ e' 

12 + 12 

5 + 12 

{
1 + 12\ 
8 + 20} 

14 

18 + 20 

1 + 9 

9 + 19 

13 + 18 

16
1 

- 11 

7 

11+13 

2 + 11 

12 + 20 

10 + 19 

1 + 10 

19 + 20 
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Gas a) 1rel 
Liquida) 1rel Crystal 1rel Symmetry Assibinment 

1476 (Q) vvs 1472 vvs 1474.8 vvs (b) E' 15 

1490 s} (b) a' +a' + e' 12 + 13 
ms (sh}(b) 1498 (sh) 1499 s (b) 

1 2 

1501 

1514 

:} (b) 
e' 6 + 11 

1512 m {sh)(b) 1512 m {sh) e' 2 + 12 
1530 e' 9 + 20 

1559 vw (sh) 1565 vw 1564 

:.}(b) 
a: 3 + 8 

1573 (Q} w (sh) 1570 vw 1569 I 1 + 13 e 

1602 s II If II a1 + ~ + e 13 + 19 

1610.5 vs (b) 

1613 vs 1613 vvs} 1617.8 E' (1 ~6 11} 1632 vvs 1630.5 vs (b) e' 

1638 vs 1635 vvs 1637 (a~+~+ e' 12 + 14) 

1662 m (vb) 1663 s 1665 vs e' 5 + 14 

1674 s (sh) II 
a2 2+9 

1700 1701 m (b) 1695 ms} (b) e' 1 + 14 
m 

1701 ms e' 6 + 12 

1799 mw (b) 1800 mw a~+~+ e' 11 +15 

1801 vw 1808 m e' 7 + 12 

1931} vvw 1936} vvw a~+~+ e' 11 + 16 
1961 1964 

2005 vvw 2002 inw (b) 2000} w (b) e' 2 + 13 
2009 mw 

2048 w 2050 w e' 1+15 

212~ m 2116 ms 2116 m a~+~+ e' 13+14 
212 
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Gas a) 1rel 
Liquida) 

1re1 ·Crystal 1rel Symmetry Assignment 

2190 vs 2190 mw} 2190 mw} a" 3 + 10 2 

e' 1 + 16 
2215 2210 mw 2211 II II II 16 + 19 w mw a1 + ~ + e 

2249 w 2244 mw 2241 mw a{ + a.I + e' 14 + 14 

2295 vvw (b) 2292 vvw 2291 w (b) e' 7 + 13 

2325 WW (b) 2320 w 2315 w (b) e' 6 + 14 

2342 w 2343 m 2340 m (b) e' 3 + 13 

2420 vw (b) 2422 mw 2424 mw e' 7 + 14 

2472 ms 2469 2460 m (b) e' 3 + 14 

(a~+~ + e') (13 + 15) 

2599 mw 2594 m 2595 mw a~+~+ e' 14 + 15 

2620 
:: (b)) 

2624 
:(bJ 

e' 2 + 16 
2640 2650 

2669 vw (b) 2664 mw 2676 m e' 6 + 15 

2770 vvw (b) 2771 mw (b) 2774 vw (b) e' 7 + 15 

2805} vvw (b) 2800 vw (b) 2805 vvw~} e' 6 + 16
1 

2816 vw (b) e' 3 + 15 
2835 vvw (b) 2823 vw (b) 2831 vvw e' 6 + 16

2 

2900 vvw (b) 2903 mw 2907 m r: 7 + 161 

2920 vvw (b) 2930 (b) 2930} m (b) 7 + 16
2 

2940 m (b) 

2953 vvw (b) 2965 w 2968 m (b) e' 3 + 16
1 

3115 m (vb) 3115 s (b) ...,3120 s (vb) E' 17 
(a~+~+ e' 15 + 16) 
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Gas a) 1rel 
Liquid a) 1rel Crystal 1rel Symmetry Assignment 

3235 vw (b)} 3235 :) 3240 vw} a~ + ~ + e' 
e(jl ~ lGl 

3260 bw (b) 3260 3267 vw 16
2 

+ 16
2 

a) Gas and liquid phase data in principal agreement with the findings of Nielsen 

~· [ 1 ] as modified by Ferguson [ 2 ] except where noted in text. 

v = very, w = weak, m = medium, s = strong, b = broad, and sh = shoulder. 

Q =energy of the Q branch or band maximum. 

Superscripts 1 and 2 on vibration 16 represent the lower energy and higher 

energy components of the Fermi multiplet respectively. 
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Table IV 

Raman Frequencies Observed for 1, 3, 5-C6 F3D3 
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Crystal 1rel Liquid 1rel [ 4 ] Polarization Assignment Symmetry 

236. 5} ms 238.4 ms 236 dp 18 E" 
246.5 

326 m 326 w 330 dp 11 E' 

487.5 ms 489 m 488 dp 12 E' 

547.5 m 539 m 537 dp 19 E" 

577.5 vvs 577.4 vs 576 p 1 A' 
l 

798 s 793 m 792 dp 13 E' 

947 vvw 947 ? 18 + 20 a~+~+e 
I 

969 vs 966 vs 966 p 2 A' l 

983.5 vvw 978.5 vvw 981* p 12 + 12 I I a1 + e 

1044 vw dp 14 E' 

1077 vw p 19 + 19 a' + e' l 

1345 s 1350 s 1344 p 3 A' l 

1424 w 1420 w 1414 dp 15 E' 

1545 vvw ? 1 + 2 I 
a1 

1597 mw (159~ w 1606** dp 
cl6 } (:,'} 1637 1627 vw dp 7+11 

2313 vs 2313.4 s 2309 p 4 . A' 
1 

2322 vs 2320 s ? 17 Et 

*Assigned as A1 impurity mode from 1, 3, 5-C6F3D2H. 

** Corrected for Fermi resonance. 
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Table V a) 

Infrared Frequencies Observed for 1, 3, 5-C6 F3D3 
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Gas 1rel Liquid 1rel Crystal 1rel Symmetry Assip;nment 

207 (Q) ms 213 ms 213.0 s A" 2 8 

231 w (b) A2 or B 1 * 

250 :} E" 18 
257.5 

322. 5 (Q) ms 326 s 325.2 s E' 11 

440 mw (b) 449.5 mw (b) 462 
:w} 

e' 8 + 18 
467 

483 s (sh) 488.5 unresolved A1 + B2 * 
490 vs (b) 496 VS 495.5 ;a} E' 12 

504. 5 

522 (Q) vvs 523.5 vvs 523 vvs A~' 9 

533 m13 (sh) 532.5 VVJ E" 19 
542.7 vs 

612 (Q) w 611 ms 620 ms B1 * 
709 :} E" 20 

713 w (b) 715.8 

720.4 w A2 * 

759.5 759.4} s e' 8 + 19 
761 

770 vs} e' 9 + 18 
773 s 773 vs 
777. 6 (Q) vvs 773.5 vs 776 vs A" 10 2 

793.5 :} 7~6 s (b) 792.2 798 E' 13 s 
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Gas 1rel L,!quid 1rel Crystal 1rel Symmetry Assignment 

834 B1 * 
843.5 s 

{ e' 
5 -t 11 

842 (Q) ms 842 s 848.5 m I II II 11+19 a1 + ~ + e 
853.8 s 

875 vvw (b) 880 w 883.5 w B2 * 

920 vvw (b) 925 w (b) 930.5 vw e' 8 + 20 

930 vw (sh) 940 vw 

945 vvw (b) 952 w (b) 956.5 mw} a~+~+ e' 18 + 20 
962 (sh) 

975 mw (b) 978 vw (b) A1 * 

990 vw (b) 992 m 994 mw (a~+ e' 12 + 12 
A' 6 2 

1014 w e' 5 + 12 

1032 (sh) A1 * 
1049} 1043} vvs (b) 1037} B2 * 
1057 vvs (b) 1056 1055 vs (b) E' 14 

1068 1067 vvs 1070 e' 9 + 19 

e' 1 + 12 

1102 ms II 
a2 1 + 9 

1117 ms 1117 s 1121. 7 a:+~+ e' 11+13 

1150 ms (b) 1147 s 1151 ms B2 * 
1250 6 (b) 1237 (sh) 1243 (sh) (b) e' 9 + 20 

1253 s 1255 6 (b) a~+~+ e' 19 + 20 

{ e' 
2 + 11 

1292 . vw 1293. 5 . w a:+~ + e' 12 + 13 

A' 7 2 
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Gas 1rel Liquid 1rel Crystal 1rel Symmetry Assignment 

1298 vw (sh) 1301. 5 II 11 II 14 + 18 w a1 + 3.z + e 

1310 vw 1313 vw e' 5 + 13 

1355 (sh) 11 
a2 1 + 10 

1367 ms (b) 1370.5 s 1372 m (b) I 1 + 13 e 

1410 } A1 * 
1427 (Q) s (b) 1421 vvs 1424.5 s (b) E' 15 

1435 I I 20 + 20 a1 + e 

1450 (sh) 1446 (sh) 1447 } s (b) B2 * 
1462 (sh) 1457 (sh) 1460 e' 2 + 12 

1475 (sh) 1476 } Vw (b) (e' 10 + 20 
1486 (sh) 1491 e' 6 + 12 

1563 vw (b) e' 5 + 14 

1598} d (b) 1597} 1597} vs (b) 

vvs vvs 1605 vvs (E' 16 
1626 vs (b) e' 7 + 11 

1626 (b) 1631 1635 vvs 

1674 mw 1666 mw e' 3 + 11 

1750 m (b) 1745 ms 1744 mw (b) 11 2 + 10 a2 

1747 mw a~+~+ e' 11 + 15 

1760 1762 177,0 (b)C" II II 14 + 20 mw ms mw a1 + 3.z + e 
e' 2 + 13 

c e' 6 + 13 - - 1785 mw (b) 1788 w e' 7 + 12 

-- 1837 vvw (b) {'.' I I 13 + 14 a1 + a2 + e 
e' 3 + 12 
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Gas I rel Liquid 1rel Crystal 1rel Symmetry Assignment 

1906 vw (b) 1910 vvw (b) 1918 vvvw (b) I I I a1 + a2 + e 12 + 15 

1998 m (b) 1997.5 m 1995 row (b) e' 1 + 15 

2080} 
I I 14 + 14 row (a1 + e, 

2100 m (b) 2092 m 2098 e' 7 + 13 

2175} m 2174 m 2173} row ( e' 1 + 16 
2205 row 2207 mw 2208 w 

2315 s 2315 s 2318 ms (b) E' 17 

2352 (sh) 2352 (sh) 2342 vw e' 7 + 14 

2410 s 2393 s 2390 s (Vb) ( e' 2 + 15 
e' 3 + 14 

2425 (sh) 2415 (sh) 2412 vw (vb) e' 6 + 15 

2477 ms J 2466 ms) 2460 m (b) 
a/ + ~I + e' 14 + 15 

2492 m(sh) 2485 row 

2720 ms 2718 ms 2720 ms e' 7 + 15 

2783 m 2770 m 2764 m (b) e' 3 + 15 

2890) vw (b) e' 7 + 16 
2928 w 

3100 vw 3107 w (b) e' 4 + 13 

3194 vw (sh) 3190 vw f' +e' 
161 + 161 

3220 w 3222 w a~~~+ e' 161 + 162 

3261 vw (sh) 3264 vvw a1 + e' 162 + 162 

3280 w 3278 vw e' 2 + 17 
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;a) Fundamental assignments in principal agreement with reference [ 4 ] 

with exceptions as noted in the text. 

v ==very, w =weak, m = medium, s = strong, b = broad, and sh= shoulder. 

Q == energy of the Q branch or band maximum. 

;superscripts on vibration 16 as noted in Table III. 

* fundamental transitions of 1, 3, 5 C6 F3D2H known to be 5% impurity in the 

sample. 
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Table VI 

Observed Fundamental Frequencies (cm -
1

) for 1, 3, 5 C6 F3H3 
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:iaS Liquid Crystal Sym Nota_(a) 
ti on 

i. r. Raman i. r. Raman D3h 

' 576.3 578 A' 1 (1) --- ---·--- 1 

--- 1009.4 --- 1010 A' 2 (12) ---- 1 

--- 1350 --- 1345 A' 3 (13) .--- 1 

--- 308lc --- ---- A' 4 (2) .--- 1 

·:--- --- --- 551. 5 ---- A/ 5 (15) 
' 

,---· --- --- 1200 ---- ~' 6 (3) 

·~-- .. --- _ .. _ 
1303 ---- ~' 7 (14) 

;206. 8 210 --- 211. 5 ---- ~" 8 (11) 

:665 665 --- 665 ---- ~" 9 (4) 

·848 846 --- 846b ---- ~" 10 (5) 

~25 327 326.4 326 328 E' 11 (20) 

[503 507 503 505b 502 E' 12 (6) 

~97 993 992.9 994b 993 E' 13 (9) 

tfa7 1124 1123.9 1121b 1117.5 E' 14 (1 9) 

E476 1472 1471. 4 1474. 8b ---- E' 15 (8) 

f 624C 1624c 1624c 1624bc 1624b E' 16 (7) 

11:15 3115 3111 -3120b ---- E' 17 (1 8) 

~~-- --- 255.3 266.6 257. 5b E" 18 (16) 
~:-- 595 594. 9 593.8 597 E" 19 (10) 
18:.~~:- .. 

847 862b E" 20 (17) --- ---~ 
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Table VI (Cont'd) 

a Vibrational numbering of E. B. Wilson [ 24] for C6Hli is included in 

parentheses for easy correlation with other systems. 

'b These values represent the most intense component or in cases of 

equal intensity distribution the mean of the exciton band. 

,c The mean component of a Fermi resonance multiplet. 
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Table VII 

-1 
Observed Fundamental Frequencies (cm ) for 1, 3, 5 C6F3D3 
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gas Liquid Crystal Sym Nota-* 
i. r. Raman i. r. Raman D3h ti on 

- 577.4 577.5 A' 1 (1) --- ------- 1 

--- 966 --- 969 Ai' 2 (12) ~---

--- 1350 --- 1345 A' 3 (13) ---- 1 

--- 2313.4 --- 2313 A' 4 (2) 
, ____ 

1 

t?- --- --- --- (518) --- A/ 5 (15) 

~---- --- --- 998b --- A/ 6 (3) 

~ --- --- --- 1293. 5b --- A/ 7 (14) 
' 

207 213 --- 213 --- ~" 8 (11) 

522 523. 5 --- 523 --- ~" 9 (4) 

~77. 6 773.5 --- 776b --- ~" 10 (5) 

!~22. 5 326 326 325.2 326 E' 11 (20) 

~90 496 487. 5 495. 5b 489 E' 12 (6) 

~86 792.2 793 798b 798 E' 13 (9) 

1057 1045. 5b 1044 1046b --- E' 14 (19) 

~27 1421 1420 1424b 1424 E' 15 (8) 

~ 613c 1611c 1616.5c 1620bc 1620 E' 16 (7) 
~15 2315 2320 2318 2322 E' 17 (18) 

ri.,.., ... _ 

238. 4 250b 241b E,, 18 (16) ---
-·-- 533 539 537. lb 547. 5 E,, 19 (10) 

• f 

715.8b 
. 

-~;,... 713 --- --- E" 20 (17) ---- -
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Table VU (Cont'd) 

* The symbols found in this table are those described for use in 

Table VI. 

Brackets used to indicate unobserved transition and infrared value 

from combination band analysis. 
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if}igure 1: Infrared Spectrum of 1, 3, 5 C6 F3H3 in the Vapor Phase. 

Lower spectrum - 80 mm pressure upper curves at 

reduced pressure cell length 5 cm. 
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[gure 2: Infrared Spectrum of 1, 3, 5 C6F 3H3 in the Liquid Phase. 

Lower spectrum 0. 0975 mm. Upper curves obtained with 

thin film of liquid hold between Csl windows by surface 

tension. 
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!Figure 3: Infrared Spectrum of 1, 3, 5 C6 F3H3 in the Vapor Phase 
-1 -1 

Between 200 cm and 100 cm . 

Spectrum run at - 80 mm pressure in a cell with a 5 cm 

path length. 

With the exception of a slight shift in frequencies, the 

contours shown in these transitions are identical to those 
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fligure 4: Raman Spectrum of Liquid 1, 3, 5 C6F3H3 • 



109 

0 

8 'E 

0 
0 
N 
l"0 

(.) ...___. 



110 

[Eigure 5: Raman Spectrum of Crystalline 1, 3, 5 C6 F3H3 at - 77°K. 

(The feature on the high energy side of the 1345 cm -i 

transition is the artifact of illustration and should be 

ignored.) 
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l,~gure 6: Infrared Active Fundamentals for Crystalline 1, 3, 5 C6 F3H3 • 

Curves depicted here are of varying pathlengths and are 

intended to show exciton structure and band contours not 

relative intensities. 
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!Figure 7: Infrared Spectrum of 1, 3, 5 C6 F3D3 in the Vapor Phase. 

Lower spectrum - 80 mm pressure. Upper curves at 

reduced pressure. Cell length 5 cm. 
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~igure 8: Infrared Spectrum of 1, 3, 5 C6 F3D3 in the Liquid Phase. 

Lower spectrum 0. 097 mm. Upper curves obtained with 

thin film of liquid held between Csl windows by surface 

tension. 
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f igure 9: Raman Spectrum of Liquid 1, 3, 5 C6F3D3 • 
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Figure 10: Raman Spectrum of Crystalline 1, 3, 5 C6F 3D3 at~ 77°K. 
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!Figure 11: The Infrared Active Fundamentals A/' (v8 , v9 ); 

E' (1111 , 1112 , v13); E" (1118 , v19 , v20 ) for crystalline 1, 3, 5 

C6FaDa. 
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!Figure 12: Infrared Spectrum of 1, 3, 5 C6 F3D3 • Present as the Dilute 

Guest in a Host C6 F 6 Crystal. 
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The Electronic Absorption Spectra of 1,3,5C6F 3H3 , 

1, 3, 5 C6F 3D3 and C6F 6 in the Vapor Phase 

Introduction 

In the course of these investigations, the ultraviolet absorption 

;spectra of all the fluorobenzenes in the series C6HnF 6_n have been 

:obtained for the vapor phase in low resolution. With the notable excep­

t ion of the spectra obtained for C6F 5H and C 6F 6 , all homologs display a 
1 tich vibronic structure. A few of these molecules, i.e., C6FH5 

2 3 4 5 
~ ,3C 6F2H4 , 1,4C6F 2H4 , 1,2,4C 6F 3H3 , and 1,3,5C 6F 3H3 have been 

studied under moderately high resolution in the vapor phase. The 

[observed vibronic structure in each, excepting the sym-trisubstituted 

!Species, has been successfully analyzed in greater part. A partial 

;assignment for the major transitions observed in sym-C 6F 3H3 has been 

t ompleted, however, and the primary assumption of a vibronically 

~nduced spectrum based on a parallel ring deformation is supported by 

~ similar analysis of 1, 3, 5 C 6F 3D3 presented here. 

The gas phase ultraviolet absorption spectra of C 6F 5H and C6F 6 

w.re very broad and structureless. The absorption band for the penta-

' luoro member occurs between 2800 A and 2530 A. The maximum of 

~he band occurs at 2602 'A with definite shoulders at 2668 A and 2645 A. 

r he vapor phase spectrum of hexafluorobenzene shows three distinct 

1.Qancts one on top of the other. Maxima occur at ,...., 2611 A (center of 
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0 0 

plateau), 2550 A and 2187 A. These bands have been tentatively 

assigned as arising from the overlap of two or three ( ?) electronic 

transitions. 6 An attempt to unravel the C6F 6 spectrum using Krypton 

matrix isolation and ("' 5 µ.) pure crystal systems at low temper­

ature proved fruitless. The broad continuous absorption observed in 

the vapor phase persists in the matr ix and crystal systems. It is most 

reasonable to assume that the high quantum efficiency in photoinduced 

valence isomerization to the Dewar form 7 plays an important and under­

stated part in these systems. 

Theory 

As the investigations on the excited electronic states of hexa­

fluorobenzene have not yielded sufficient experimental data from which 

anv definite conclusions could be drawn, only the sym-trifluorobenzene 

will be discussed in detail. Its correlation with the D6h molecular 

model, however, will be relied upon as is conventional. 

Sym-trifluorobenzene in the vapor phase is known to be a planar 

molecule in the ground electronic state from infrared and Raman inves­

tigations. 8 It is therefore classified in the D3h molecular point group 

and summarily contains 30 vibrational degrees of freedom which fall 

into the number and symmetry classes as indicated. 

4 A' + 3 A' + 3 A" + 7 E' + 3 E" 1 2 2 

The ground state is the totally symmetric 
1A~ and the lowest 

excited singlet, corresponding to the well-known 1B2u state of C6H6 , is 
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of A~ symmetry. Under the selection rules derived from the dipole 

moment operator in the D3h point group, the 1A~-+ 1A~ transition is 

forbidden. Vibronic coupling with the 1E' state can, however, give 

the transition some oscillator strength as occurs in all known systems 

in the class of compounds 1, 3, 5C 6H3X3 • 
2, 9 Vibrational states withe' 

symmetry effect this coupling and give rise to in-plane (xy) polarized 

transitions. 

Barring any significant molecular distortions in the excited state 

or interactions with the 1 A~ excited state (1Biu in D(jh), whose location 

at this time is unknown, one expects to observe for 1, 3, 5 C0F 3H:3 in the 

;vapor phase as with previous systems, 9 the following: One or more e' 

vibrational modes will function as vibronic origins and the most intense 

of the origins will correspond to the v6 (e2g) C 6H6 vibrational mode. This 

mode is designated here as in reference 8 as v12 ; two or more a~ vibra­

~ional modes will serve as progression forming species; there will be 

no splitting, or removal of degeneracies, in the vibronic transitions; 

the oscillator strength of the proposed 1A~ -+ 
1A~ transition will be 

:~ 1. 6 x 10- 3 lO and the isotope shift of ,..., + 35 cm-1 /D atom11 ,12 will be 

~ound in the zero-zero (O, 0). Conformation of a number of these 

~ssumptions will be regarded as strong evidence for the correctness of 

the interpretations. 

Experimental 

Hexafluorobenzene and sym-trifluorobenzene (H3 and D3) were 

obtained and purified as described in sections II-A and B. 
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Ultraviolet absorption spectra were obtained in low resolution 

using a Cary 17 spectrometer with a spectral bandwidth of 0. 75 A and 

a 5 cm gas cell which could be heated to > 200 °C. Typical gas pres­

sures for the spectra illustrated in Figures 1 and 2 were "'30 mm. 

High resolution spectra were obtained photographically on a 2M Czerney­

rurner spectrograph in third order. Spectral dispersion at the plate 

between 2700 A and 2350 A ranged from 2. 50 A/mm to 2. 56 A/mm. 

Iron emission lines were used to calibrate the spectra obtained 

!in a cell 75 cm long with side arm to regulate vapor pressures over the 

:'range ·,.., 80 mm (28 °C) to ~ 2mm (-46 C). The exact position of the 

:·absorption lines in Figures 1 and 2, marked respectively with *, **, 

r***, t, and tt, were determined from the high resolution spectra and 

were used to calibrate the low resolution spectra. A uniform + 63 ± 2 

.cm- 1 correction was required to adjust the absolute value of the absorption 

bands found in the Cary 17 spectra. Energy differences observed 

between absorption bands in the low resolution spectra are believed 

accurate to within ± 5 cm- 1
• 

Results and Discussion 

In Table I the frequencies for the principle transitions observed 

for 1, 3, 5 C6F 3D3 and 1, 3, 5 C6F 3H 3 are presented. The proposed assign­

~ments are given in Collomon's notation. 12 The bands denoted with 

:asterisks in the table and in Figures 1 and 2 represent frequencies 

lln.easured directly from the high dispersion experiments on the 2M 

;spectrograph and were used to calibrate the spectra as shown in the 
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figures. The notation of Sastri 5 for the observed transitions in (H3) 

is included in parentheses, should reference to the complete high 

resolution data, which include rv 175 frequencies, be desired. 

The analysis of the (H3) and (D3) systems followed well established 

procedures9- 12 for benzene derivatives . The oscillator strength of the 

observed transitions are ,...., 1. 2 x 10- 3 when compared to C6H6 under 

identical conditions. lO Thermal studies between ~ -20 °C and +200 °C 

revealed all transitions with significant intensity below 39, 051. 5 cm- 1 

(D
3

) and 38, 954 cm-
1 

(H 3) were markedly temperature sensitive. With 

the exception of the 38, 940 cm-
1 

(D3) and 38,841 cm- 1 (H3) transition 

which showed only a minor dependence on kT, all bands to the red of 

the principle vibronic origins marked ** are attributed to "hot bands". 

The most intense of the hot bands marked * in each system were 

assumed to originate from the ground state analogue of the vibronic 

origins **. The energy difference between these transitions X:, - X~ 
yields the sum of the ground and excited state energies for the involved 

vibrational state, X. These differences for (H3) and (D3) are, respec­

tively, 930 cm -l and 902 cm - l. Under the assumption of minimal dis­

tortion in the excited state, comparisons with known systems suggest 

that v12 , the e' ring deformation mode corresponding to v6 (e2g) in C6H6 , 

.should be strongly active in the spectrum. Quite reasonable ground to 

excited state shifts to the red are found if this method is employed. 

fI'he resultant excited state frequencies of v12 are obtained by removing 

the known ground state energies8 from the observed differences. The 

results are 902 cm- 1 
- 490 cm- 1 = 412 cm- 1 v~2 (D3) and 930 cm- 1 

-

503 cm-
1 = 427 cm -l z'1. 2 (H 3). Removal of the excited state frequencies 
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from the correspondingly assigned vibronic origins (denoted **) yield 

the zero-zero frequency of the electronic transition. The result for (H 3) 

is the 0,0 equals 38,527 ± 2 cm- 1 and for (D3) the 0,0 is 38,640 ± 2 cm- 1
• 

An isotope shift of ,..., 37 cm-
1 
/D atom from these results is taken as 

strong evidence for the method and the final assignments. Correlation 

with work on these systems at 4. 2 °K reported in section III-B presents 

added confirmation. The 0, 0 transition was not observed in the vapor 

phase spectra for either species. 

The strong series of transitions with similar intensity distribu­

tions to the blue of the first intense envelope can all be assigned by 

using the frequencies 558 cm- 1 and 927 cm- 1 for (D3) and 569 cm- 1 and 

966 cm-1 for (H 3). These progression forming modes surely correspond 

to the excited state analogues of the totally symmetric vibrations v1 and 

v2 • The ground state frequencies for these modes as obtained from 

liquid Raman studies8 are 577. 4 cm -l and 966 cm - l for (D3) and 

:576.3 cm- 1 and 1009.4 cm- 1 for (H 3), respectively. 

A transition falling outside the above progressions, namely the 

'39,622.9 cm- 1 (D3) and 39,650 cm- 1 (H3) bands denoted by***, represent 

lhe assignment 14~ (A0 + 696 in H3). The excited state frequency of 

1122 cm- 1 for the e' mode v14 in (H3) represents a 5 cm- 1 shift from the 

[ 
. -1 8 

ground state frequency 1127 cm . As a consequence, Sastri was 

!reluctant to assign this band to 14~. The conformation of a similar 

itransition in (D3) shifted (1057 - 1023) 34 cm -l to the red strongly sug­

!gests the correctness of the interpretation in the (D3) system. 
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A similar occurrence in the relationship between the differences 

in excited and ground state frequencies for a given vibration between 

(H
3
) and (D3) is found in the assignment made here for the bands at 

3s, 940 cm- 1 (D3) and 38, 841 cm- 1 (H 3). The excited state frequency for 

.,v
11

, an e' C-F bending mode, of 300 cm- 1 gives a red shift of (322. 5 -

300) 22. 5 cm -l in (D3). A comparable assignment in the (H3) system 
-1 . 

iJ'fves an excited state frequency of 314 cm for v11 and a resultant red 
to 

shift of 9 cm- 1 from the ground state energy. An analogous trend is 

;;een in the variations in the totally symmetric mode v1 • Thus, it is 

observed that the frequency of a given vibrational level in the excited 

§inglet state is slightly more sensitive to the mass of the ligands than 

iP the ground state; this assumed equal force constants in the C-H and 

~-D motions. 

No interpretation for the hot band transitions labeled A - D is 

J:)Ossible at this time; nor are any verifiable explanations for the pro­

~ific fine structure present on almost every transition (observed in high 

~:esolution). 

Summary of excited state frequencies observed in these investi­

l[~tions appear in Table IV, section III-B. 

Conclusions 

i!I· The ultraviolet absorption spectrum of hexafluorobenzene contains 

It least two singlet-singlet transitions in the region 2700 A - 2100 'A. 
tBhe upper states are undoubtedly strongly coupled with the ground state 

(fythe Dewar isomer (known to lie ~ 18, 000 cm - l 
13 above the ground 
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state of the planar form) and are thus completely devoid of vibronic 

structure. 

b. The absence of the O, 0 transition in the vapor phase spectra of 

1,3,5C 6F 3H3 and 1,3,5C6F 3D3 in conjunction with the low oscillator 

strength of the transitions is accepted as confirming evidence that the 

pbserved spectrum represents a molecular forbidden system vibron­

~cally induced. 

~- The primary vibronic origin responsible for the development of the 

forbidden molecular spectrum in sym-C 6F 3H3 (D3) is the parallel ring 

tteformation v12 (e'). 

· H. A broad continuum upon which a rich vibronic structure is observed .. 
Ni'igures 1 and 2) is noted. The intensity of the continuum appears to 

1mcrease with the number of fluorine atoms substituted for hydrogen. 

a'he continuum completely obscures the vibrational structure beyond 

~,etra-substitution and may be related to an interaction with a state of a 

-y,alence isomer. As the Dewar forms for 1,2,4C6F 3H3 , C6 F 5H, as well 

ra:s for C6F 6 have been isolated and crudely characterized, 7c' 13 ' 14 it is 

!lmown that the Dewar form is stabilized by increased fluorine substi­

fution. As the ground state of the Dewar form is stabilized, the density 

~f states degenerate with the singlet manifold of the planar form 

increases greatly. Thus coupling between the discrete singlet manifold 

[f the planar form and the ground state of the Dewar form would also be 

s~ected to increase upon continued fluorine substitution and reach its 

~aXimum in hexafluorobenzene. 

~- A number of transitions to the red of the intense vibronic origin 12~ 
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are unassigned. The origin of the prolific fine structure including the 

t4 cm- 1 splitting observed in a large number of transitions as well as 

in 12~ 5 remains to be explained. As the O, 0 is unobserved in these 

systems a molecular distortion in the excited state is discounted. 
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TABLE I 

Low Resolution Gas Phase Spectrum of Sym-Trifluorobenzenes 

1, 3, 5 C6F 3H3 

A (cm-1) ( -1)a 
"""'00 vobs cm Assignmentb, c 

37,870 vw - 770 37,712 - 815 c 2~ (Bs) 

919 vw - 721 779 - 748 B 2° 1 (B4) 

973 vw - 667 837 - 690 111 2° 0 1 (B3) 

38,037 mw - 603 902 - 625 A 2° 1 (B2) 

088 . vw - 552 962 - 565 121 2° 0 1 (B1) 

* 149. 5 mw - 490 38,024 - 503 12° 1 (Bo) 

269 vw - 371 146 - 381 C 1° 1 

304 vw - 336 197 - 348 B 1° 1 

366 vw - 273 261 - 266 111 1° 0 1 

420 vw - 210 336 - 191 A 1° 1 

493 vw - 147 378 - 149 121 1° 0 1 

554 vw - 86 452 - 75 12
1 
1 

614 vw - 26 512 - 15 111 
1 

652 vw 12 532 5 121 2° 11 
0 1 0 

724 mw 84 632 105 121 11° 0 1 

765 vw 125 38,657 130 D (As) 

831 mw 191 721 194 c (A4) 

880 mw 240 781 254 B (A3) 

940 vs 300 841 314 111 
0 (A2) 

39,001 s 361 912 385 A (A1) 

** 051.5 412 954 427 12~ (Ao) 
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f .A.BLE I (continued) 

1, 3, 5 C6F 3D3 1, 3, 5 C 6F 3H3 

( -1)a 
"obs cm 6.oo (cm-1) ( -1 a vobs cm ) 6.oo Assignmentb, c 

t 39, 498 vvs 858 39,412 885 111 l 1 0 0 

559 vs 919 489 962 A 11 
0 

t 610 vvs 970 523 996 121 11 
0 0 

662.9 m 1023 650 1123 14~ 

u 867 vvs 1227 803 1276 111 21 

0 0 

928 vs 1288 876 1349 A 21 
0 

it 979 vs 1339 920 1393 121 21 
0 0 

a. Vacuum corrected energies. 

b. Vibrational numbering of reference 8. 

c. Assignments by Sastri5 for C6F 3H3 appear in parentheses. 
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Figure 1. Low Resolution Spectrum of 1, 3, 5 C 6F 3 D3 in 

the Vapor Phase 

0 

Spectral bandwidth 0. 7 5 A at slits 0. 040 mm . 

Spectral display 30 A/inch; scan rate 0. 5 A/sec. 
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Figure 2. Low Resolution Spectrum of 1, 3, 5 C 5F 3H3 in the 

Vapor Phase 

0 

Spectral bandwidth 0. 75 A at slits 0. 040 mm. 

Spectral display 30 A/inch; scan rate 0. 5 A/sec. 
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SINGLET- SINGLET ABSORPTION SPECTRA OF SYM-TRIFLUORO­

BENZENE AT LOW TEMPERATURES 

MICHAEL D. BERTOLUCCI t and G. W. ROBINSON 

Arthur Amos Noyes Laboratory of Chemical Physics 

California Institute of Technology, 

Pasadena, California 91109 

Received 

The ultraviolet absorption spectrum of sym-trifluorobenzene 

in its crystalline form at 4. 2°K and inakryptonmatrix at rv30°K have 

been investigated. The results have been compared with a partial 

analysis of the corresponding gas phase spectrum and a partial 

spectrum of the perdeutero isomer at 4. 2°K. The analysis indicates 

that the spectrum between 2600 A and 2400.A in the crystalline phase 

is fully allowed and with minor exception completely crystal induced. 

t This work was sponsored in part by the U. S. Army Research 

Office, Durham, under contract No. DA-31-124-ARO-D-370. 



147 

I. Introduction 
~ 

An investigation on wavelength shifts of the 0, 0 bands in the 

near ultraviolet absorption spectra of a number of fluorobenzenes 

has been presented by Sponer [ 1] • Of particular note was the 

anomalous blue shift calculated for the O, 0 band of sym-trifluoro­

benzene [ 1, 3, 5 C6F 3H3 denoted hereafter as (H3)] with respect to the 

o, O band of benzene. The assignment of Sastri [ 2] of 38, 527 cm -i 

for the origin of the gas phase 1 A~ -+ 
1~' transition is accepted in 

this investigation. 

The 1A1 ' -+ 
1~' transition in this molecule of assumed D3h 

molecular symmetry corresponds to the 
1 
A1g -+ 

1B2u transition in the 

unsubstituted D6h molecule, benzene. It is, therefore, a dipole for­

bidden transition which derives its intensity through vibronic coupling 

with the allowed 1E' (
1
E1u in C6H6) state. Only vibrations with e' 

symmetry can effect this coupling. The appearance of the O, 0 band in 

the vapor phase is not ob served in (H3) [ 2] , 1, 3, 5, C6 F 3D3 [ 3] or 

1, 3, 5 C6H3Cl3 [ 4] and the spectra have been assigned as vibronic 

induced. The principal vibronic origin in each case was the e' 

vibration corresponding to the e2g vibration (v6 [ 5]) from which the 
1
A1g -+ 

1B2u transition in C6H6 derives most of its intensity. 

The near ultraviolet absorption spectrum of sym-trichloro­

benzene in the crystalline phase [ 6] in addition to presenting the 

vibronic induced spectrum based on various e' vibrations, exhibits 

a weak crystal induced molecular spectrum superimposed. The 

origin (O, 0) of the allowed molecular system and two progressions 
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with totally symmetric (a,.') modes based on it are observed. The 

principal contribution to the overall oscillator strength of the transi­

tion, however, remains in the vibronic, or forbidden, system. This 

observation is a typical result as crystal field perturbations of this 

type in molecular crystals are usually small [ 7). 

In this work, we verify the previous assignment of the 0, 0 

for (H3) by direct observation in two perturbing environments as well 

as by comparison with spectral shifts as a result of deuteration. The 

observation of well resolved crystal induced splitting [ 8] in the 0, 0 

is "interpreted" in terms of the factor group analysis of the crystal, 

[ 9] and recent crystal structure data [ 10]. 

Sym-trifluorobenzene (H3) and sym-trifluorotrideuterobenzene 

(D3) were purchased from Peninsular Chemresearch and Merck 

Sharpe and Dohme of Canada respectively. The former was frac­

tionally distilled on a 20" spinning band column and the latter used 

as received in spite of an approximate 5% 1, 3, 5 C6 F3HD2 (D2 ) 

impurity level. 

Neat crystalline samples ranging in thickness from ,...., 5 to 

20 µ were prepared in "Bridgman-type" quartz cells [ 11). Samples 

for krypton matrix-isolation were condensed on a quartz window 

maintained at....., 30°K in a liquid He cooled double-Dewar with techni­

ques described elsewhere [ 12]. Sample concentrations were in the 

range 1 guest/200 solvent. 
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All spectra were calibrated with iron emission lines either 

directly on the photographic plates (type 103s-O Kodal) or in expanded 

dispersion from the densitometer traces. The source of exciting 

light in all cases was a hydrogen lamp filtered through 5 cm of chlorine 

vapor at 0.1 atm and 5 cm of an aqueous solution containing 240 

g/£. NiS04 • 6H20- 45 g/J.. CoS04 • 4H20. 

Illustrated spectra of the neat crystals were obtained on a: 

(a) Two meter Czerny-Turner spectrograph with grating ruled 

600 lines/mm blazed at 1 µ. Spectral dispersion at the plate in 3rd 

order was approximately linear and equalled 2. 51 A/mm at 2590 A. 
(b) Bausch and Lomb medium quartz prism spectrograph with 

a non-linear dispersion which ranged from 0. 674 A/mm at "'2600 A to 

O. 522 A/mm at 2400 A on the expanded densitometer trace. Plate dis­

persion at 2600 A ,..,, 1 A/mm. 

(c) Jarrell-Ash 0. 75 meter Ebert spectrograph. The low reso­

lution grating employed (600 lines/mm blazed at 1 µ) yielded a dispersion 

at the plate of approximately 10. 7 A/mm in fourth order. 

III. Results and Discussion 

Figures 1 and 2 show the spectrum of (H 3) at 77 °K and 4. 2 °K, 

'respectively. The transitions observed in the 4. 2 °K spectrum are 

recorded in Table l where assignments are proposed. In comparing 

ithe two spectra one is struck by the increased sharpness of the 

llower temperature spectrum and the consumate resolution of the two 

'Davydov components in the spectral origin and various additional 

;\ribronic bands. The resolution of the rw 46 cm- 1 lattice mode and a 
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new progression based on v3 is also quite evident. That the 0, 0 is 

split into two factor group components is entirely consistent with the 

crystal structure [ 10] and factor group analysis [ 13] as presented by 

Bertolucci, et al. , in previous communications on (H3). It was 

found that (H3) crystallizes in thepreferred space group C 2/c with 

four molecules per centered cell and, as a consequence of the proposed 

C2 site symmetry, non-degenerate vibrational states are split into 

ag and~ exciton states. 
-1 

The ,...., 17 cm energy difference between 

the ag and ~ exciton states in the excited state is indicative of the 

magnitude of the crystal field perturbation. 

The crystal field is seen to be responsible for approximately 

99% of the oscillator strength in the electronic transition as all but 

,..., 1 % of the intensity resides in the allowed molecular spectrum. 

This spectrum which consists of totally symmetric vibrations 

appearing in progressions and combinations is based on the observed 

spectral origin with a mean energy of 38, 347. 5 cm - 1
• Three weak 

vibronic origins are observed, however. The higher energy mode, 

1112, is the principal e' vibronic origin in the gas phase spectrum 

partially assigned by Sastri [ 2] and confirmed in an independent 

study [ 3] in which the same techniques were used to partially assign 

the (D3) vapor phase spectrum. The 0, 0 transition in (D3) was 

calculated to be at 38, 640. 5 cm -i and was based on an assigned value 

of 412 cm -l for v12 in the upper state. The isotope shift in the gas 

frequencies for the O, O is (38, 640. 5 cm • 1 
- 38, 527 cm - 1

) 113. 5 cm - 1
• 

This result suggests a 37. 8 cm • 1 shift per deuterium atom and is 
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quite similar to the "'34 cm -l /D atom shift in the 0, 0 observed in 

the C6HnD6 _n series [ 14, 15]. 

Figure 3 illustrates the spectral origin for (D3) at 4. 2 °K. 

An approximately 20µ crystal was investigated and no absorption save 

for the impurity band was observed at an energy lower than the 0, 0. 

The observed spectral transitions shown in Figure 3 are recorded in 

Table II. Due to the thickness of the (D3) crystal, the crystal induced 

transition to the ~"vibrational state, v8 , is observed in one and 

two quantum excitation. This band has been so assigned in (D3) and 

cor.respondingly in (H3 ) principally due to its sharpness. The remain­

ing vibronic origin has been assigned to the lowest energy e' funda­

mental in both molecules. This mode, v11' is only observed sharply 

J.n the thick (D3) crystal. Unlike in the (H3) spectrum, no overlap 

occurs between 11~ and s: in the (D3) spectrum, and the assignment 

is unambiguous. 

Table III presents the low resolution spectrum of (H3) as a 

dilute guest ("' 1/200) in a Krypton matrix at ~ 30°K. As the inert 

gas environment is expected to produce the effects of an oriented 

gas, absorption spectra obtained in this kind of system usually mimic 

the gas phase spectrum [ 12]. A shift in the spectral origin, how-

ever, is expected due to electrostatic interactions with the inert 

gas. The observation of a weakly perturbed 0, 0 and only strong 

progressions forming on the vibronic origin v12 confirms these 

expectations. 
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The excited state frequencies for the observed vibronic 

origins and the observed progression-forming totally symmetric 

modes are collected in Table IV. The correlation between 0, 0 

frequencies observed for the (H3) and (D3) isomers in the various 

phases is also presented. The approximate gas to crystal shift in 

the O, 0 for the two isomers (- 170 cm -
1
), as is the red shift 

observed between the vapor and Kr matrix, is similar to previous 

observations on aromatic systems [ 16, 17]. 

No phosphorescence was observed from the (H3 ) - Kr matrix 

system. This result in conjunction with the numerous as yet un­

assigned spectral bands observed in the gas phase [ 2, 3]; the essen­

tially non-existant vibronic induced spectrum in the crystal; and the 

interesting blue shift in the gas phase origin relative to the origin 

of the unsubstituted compound; illustrates the uniqueness of the 

1, 3, 5 tri-substituted fluorobenzene. 

IV. Summar and Conclusions 

The singlet-singlet transition in 1, 3, 5 C6F3H3 and 1, 3, 5 

C6F aD3 in the vapor phase has been accepted as being principally of 

the forbidden type. The predominant vibronic origin upon which the 

spectrum develops is the e' vibration (v12) which can be roughly 

characterized as an in-plane ring deformation. The O, 0 transition 

for these molecules has not been observed in the vapor phase 

Vibronic induced spectrum. 
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The electronic spectrum of crystalline 1, 3, 5 C6 F3H3 and 

1, 3, 5 C6 F 3D3 at 4. 2 °K is not consistent with the interpretation useful 

to partially assign the vapor phase spectrum. It is observed that the 

crystal induced (allowed molecular) system carries essentially all 

the intensity in the low temperature spectrum. The most prominent 

origin upon which three totally symmetric modes have been found to 

form progressions is the O, 0. Three very much weaker vibronic 

origins are also found. The strongest of these, 118 is again a crystal 

induced origin. 

The intensity of the allowed molecular system observed in the 

crystalline phase suggests either a significant distortion from D3 h 

molecular symmetry is occuring in the excited state at the crystallo­

graphic site or the molecular packing in the crystal is such that in the 

11'* state, intermolecular interactions are greatly enhanced. The 

former may be rejected on steric grounds, though this will not be 

done at this time. The latter is quite plausible if the molecules are 

situated nearly co-planar in the lattice. 

A continuation of the crystal structure analysis is presently 

under way and further interpretation of the spectral data will soon be 

possible. 



i\obs 

2607.5 

06.4 

03. 9 

2597.9 

96.8 

88.3 

86.8 

85.3 

83. 5 

78.2 

74. 9 

69.4 

60.8 

59.7 

vvac(cm-1) 

38, 339. 5J 

355. 6 

392.5 

481. lJ 
497.5 

623.8 

646. 2 

668.6 

695.6 

775.1 

824.8 

906.4 

39, 038. 6} 

055.4 
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Table I 

s 

w(sh) 

w 

vw(b) 

vvw(b) 

vvw(vb) 

vvvw(vb) 

vvvvw(vb) 

vw(vb) 

vvw(vb) 

vs 

w 

w 

Assignmentb 

(
0,0 J 
16.1 

phonon(P) 

(11' ) 
11! + 22. 4 

1 
110 + (P) 

1 
110 + 22.4 + (P) 

12
1 
0 

1 
120 + (P) 

11 
0 

8111 
0 0 

1 1 
80 10 + 16. 8 
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Table I (Cont'd) 

~obs v vac (cm -1) 1rel 
Assignmentb 

51. 3 183. 9 vvw 11
1

1
1 

. 0 0 

199.3 vvvw(b) 
1 1 

50.3 110 10 +15.4 

vvvw(b) 
1 0 

47.5 242.4 110 10 + 15.4 + (P) 

43.6 302.6 vs 
1 

2o 

33.1 465.5 vs 12 
0 

1 2 
25.1 590.5 w 80 lo 

24.0 607.7 w + 17. 2 

19.9 672.2 m 31 
0 

11. 6 803.3 w 
1 1 

8030 

07.4 869.9 s 1121 0 0 

2498.0 40,019.9 m 13 
0 

89.7 163.4 vvw(b) 8113 
0 0 

84. 6 235. 8 m(sh) 11 31 
0 0 

82.9 263.3 vs 22 
0 

78.0 342.9 w(sh) 8111 31 
0 0 0 

73. 7 413.l ms 12 21 
0 0 

65.6 545. 8 w 11
1

2
2 

0 0 

60. 8 624.9 m 2131 
0 0 
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Table I (Cont'd) 

~obs v vac(cm -1) 1rel Assignmentb 

757.4 mw(sh) 
1 2 1 

52. 8 Bo lo 2o 

49.3 815. 6 ms 1~~ 
40.1 969.5 mw 13 21 

0 0 

38.4 998.0 w(sh) 32 
0 

32.9 41,090.7 vw 11
1

1
1 

2
2 

0 0 0 

27.4 183. 8 mw(bsh) 11 21 31 
0 0 0 

25.9 209.3 m 23 
0 

20.4 302.9 w(bsh) 
1 2 

11030 

16.4 371.3 mw 12 22 0 0 

07.5 524.2 w(bsh) 14 21 
0 0 

04.2 581.2 mw 
2 1 

2030 

2393. 0 775.8 mw 2123 
0 0 

w(vb) 
1 2 

B3. 2 947. 6 2o3o 

a Spectrum photographed on the Bausch and Lomb spectrograph. 

',b Vibrational notation of Collomon et al [ 15], vibrational numbering of 

Bertolucci [ 13] 
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Table II 

1A1' -+ 
1
A;.' Spectrum of Crystalline 1, 3, 5 C6 F3D3 at 4. 2°Ka 

-1 
Assignmentb ~obs v

11
ac(cm ) 1rel 

2600.91 38, 436. 6 vvw(sh) O, 0 impurity(D2 ) 

2599.16 38,462.6 s 0,0 
98.00 479.6 + 17.0 

90.73 587.6 mw 
81 
0 

89.58 604.7 + 17.1 

82.43 711.6 
2 

w 80 
81.23 729.6 + 18. 0 

79.25 759.4 w 11
1 

78.03 776.7 + f7.3 

c) 

a Spectrum photographed on the 2M Czarny-Turner in third order. 

b See note b Table I. 

c Cut off due to intense 1~ transition expected at -39, 000 cm-
1 

[ 3]. 
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Table ill 

l A1 I -+ 1 A.i. I Spectrwn of 1, 3, 5 C6 F3H3 in Krypton Matrixa 

~obs 
( -1 

vvac cm ) 1rel Assignmentb 

2600.8 38, 438 vvw(b) 0,0 

2572.3 864 s 
1 

120 

39,436 
1 1 

35.0 vs 120 10 

10.0 828 s 12
1

2
1 

0 0 

2498.9 40,005 m(sh) 
1 2 

120 10 

74. 9 393 s 12
1

1
1 

2
1 

0 0 0 

50.8 791 m 
1 2 

12020 

40.6 961 m 12
1

1
2 

2
1 

0 0 0 

17.0 41,361 mw 
1 1 2 

120 10 20 

a Spectrwn photographed on the 3/4 M Jarrell Ash in fourth order 

at:::: 30°K. 

-b 
See note b, Table I. 
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Table IV 
Proposed Vibrational Assignments 

-
Description Ground-State Exe ited State 

Frequency[ 3] (cm· 1; -1 Frequency (cm ) 
-

Gas Crystal Gas a 
~· Vibronic Origins Crystal --
1. 1, 3, 5 C6 F3H3 206.8 211. 5 --- 133.6 

325 326 314 298.7 
503 505 427 423.6 

2. 1, 3, 5 C6 F3D3 207 213 --- 116.5 
322.5 325.2 302 288.3 
490 495.5 412 -----

]2. Progression 
Forming Modes** 

1. 1,_ 3, 5 C6 F3H3 576. 3 578 569 558.9 
1009.4 1010 966 955.1 
1350 1345 --- 1324.7 

c. Zero-Zero 

1. 1, 3, 5 C6 F3H3 38, 527 38, 347. 5 

2. 1, 3, 5 C6 F3D3 38,640 38,472.1 

3. Isomer Shift 113 123.6 
(H3) __. (D3) 

Molecular 
fymmetry 
3] (D,,h) 

Vs(3.z")* 
v11 e I 
V12 e' 

V2(3.z")* 
v11 e' 
v e' 12 

l)l al I 
V2 a1' 
V3 al I 

Shiftb 

-179.5 

-168.9 

+ 10. 6 

a Most intense component of the observed exciton structure measured 
from the mean of the spectral origin. 

b Calculated to the mean of the exciton band. 

* Tentatative assignment. 

** Gas phase values replaced by liquid Raman values. 
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Figure 1: 
1
Ai' -+ 

1
Ai_' Spectrum of Crystalline 1, 3, 5 C6 F3H3 at 

77°K. Calibration ticks correspond to :>t.obs (A) as 

indicated: 

0 2635. 81 7 2501.13 

1 2606.83 8 2483. 27 

2 2584. 54 9 2462.65 

3 2562.54 10 2457.60 

4 2549.61 11 2440 

5 2529.13 12 2410.52 

6 2518.10 13 2404.88 
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Figure 2: 1A1 ' -
1~' Spectrum of Crystalline 1, 3, 5 C6 F3H3 

at 4. 2°K. Calibration ticks as in Figure 1. 
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Figure 3: 
1 1 
A1 ' -+ ~ ' Spectrum of Crystalline 1, 3, 5 C6 F3D3 

at 4. 2 °K. 
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APPENDIX I-A 

Unit Cell Least Squares Listing and Sample 

1, 3, 5 C 6 F 3H3 Theta Output 
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APPENDIX I-B 

"Crym" Unit Cell Least Squares Calculation and 

Error Analysis from 1, 3, 5 C6 F3H3 Observed Theta Values 
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Electronic Spectroscopy 

Introduction 

The study of electronic processes by optical methods usually 

requires a higher level of dedication than was required to understand 

radiation induced nuclear motion. The situation can be likened to 

the hierarchy of human motivations inasmuch as the theoretical 

basis for electronic spectroscopy consists of a number of specific 

more basic theories. One can not possibly begin to appreciate 

the asthetic in life prior to satisfying the lower echelon requirements 

of food, sex, etc. So it is with the numerous theories required to 

describe the mechanisms of electronic excitation and decay. One 

must first have satisfied the basal requirements of understanding 

group theory, molecular orbital theory and the fwidamentals of 

vibrational spectroscopy. 

It is the purpose of this chapter to outline the principal 

theories required to perform a first order analysis of electronic 

spectra. The material is presented in as nonmathematical and 

richly exemplified manner as possible. 

Before embarking upon this most industrious task, a short 

step back to previous studies is in order. This is necessary to 

establish the new vocabulary with some familiar examples. 
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postscript to Infrared and Raman Spectroscopy -
In the previous analyses of vibrational spectra, the harmonic 

oscillator with added anharmoni cities was used as a model to 

describe radiation induced internal nuclear motion. As a result 

of this approximation, it was possible to obtain a graphical 

representation of a vibrating diatomic system by plotting the energy 

of the anharmonic oscillator potential function vs. the internuclear 

separation. When the diatomic was vibrating only at its zero point 

frequency (v0 ), the system was described as being in its vibrational 

ground state. If simultaneously J = 0 (zero rotational state), the 

system can be described as being in its rovibrational ground state 

(v = 0, J = O). * Perturbing the molecule with radiation of energy 
- -1 • . - -v1 cm can cause a transition to occur between v0 and v1 if the 

selection rules are obeyed. Following such an event, the molecule 

is vibrating in its fundamental mode, and is said to be in its first 

vibrational excited state. The fundamental stretching vibration (v1 ) 

and first two overtone levels (v1
2

, v1 
3

) of a diatomic are shown in 

Figure 1. 

For polyatomic molecules, the same model can be used, 

but the number of potential energy wells describing the various 

vibrations naturally increases. This multiplicity arises from the 

* For the entire length of this text all properties of interest 

dependent upon the rovibrational state of the molecule are given 

by the vibrational state alone. 
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Figure 1. Vibrational levels of a diatomic 

in an anharmonic well. 

fact that, unlike the diatomic case which had only one internal 

degree of freedom, there are now 3n - 5 or 3n - 6 vibrational 

degrees of freedom. Thus, a full description of the ground state 

must include 3n - 5 or 6 potential wells within which a progression 

of overtone levels exists as v = 1 - oo. Figure 2 illustrates such 

a series of potential wells for the bent triatomic molecule, 802 • 

As an exercise, convince yourself that the "umbrella 

inversion" of NH3 can be described by a potential diagram similar 
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Figure 2. Graphical representation of S02 potential wells 
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to the one depicted in Figure 2a. Note that the absorption of n 

quanta of energy v2 results in S02 bending about a linear equilibrium 

configuration. The potential curves representing stretching motions 

(Figure 2b and 2c) are approximated by typical Morse functions. 

Unlike vibrational and rotational transitions, electronic 

transitions occur between various potential wells. For the sake 

of expediency (irrespective of its correctness), more than one 

type of vibrational energy level will be depicted in a given well 

describing the electronic state of the molecule. This is commonly done 

for reasons of clarity in demonstrating the origin and band shapes of 

electronic transitions. 

1. Basic Notions 
~ 

a. Origin of Spectra 

Infrared and Raman transitions take place between various 

vibrational states of a molecule. Four such allowed transitions are 

indicated in Figure 2. They occur with the absorption of 519, 1038, 

1151, and 1361 cm- 1 of energy, respectively. The electronic state 

within which these transitions occur is the groWld electronic state. 

The energy of the ground state (the minimum of the potential well) 

is defined by the lowest energy arrangement of the electrons within 

the available molecular orbitals of the molecule. Hund's rules and 

the Pauli principle are used to determine this placement of electrons. 

It is the balance of forces between the electrons in these orbitals and 

the nuclei (attraction and repulsion) which, in a quantum mechanical 

way, determines the equilibrium bond lengths in a molecule and the 

energy of the zero-point level (v0 ) within the potential well. When, 
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via the absorption of energy, an electron is excited from its "ground 

state" environment (orbital) to a higher energy state (usually an 

empty or partially filled molecular orbital), all the established force 

balances are disrupted. In general, this results in a lengthening of 

all equilibrium bond lengths and usually a slight lowering of the 

vibrational energy levels within the excited state potential well. This 

change in internuclear distance along with the large additional amount 

of internal energy defines an entirely new anharmonic oscillator 

with an appropriately higher zero point energy. The solid line in 

Figure 3 illustrates the pure electronic transition better known as 

electronic 
excited 
state 

_, 
- - - - - Vs 

- . - - -. 11,' 
electronic growid 

state 

- - - - - Va 

- - - - - v, 

internal coordinate (Q3 ) 

Figure 3 
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the "0-0"(read zero-zero) transition. It occurs at an energy equal 

to the difference in zero point energies of the two electronic states. 

The dotted line corresponds to a transition between the zero point 

level of the ground state and a particular vibrational level (v;) in the 

excited state. Transitions of this type are known as "vibronic tran­

sitions." A new notation will be developed to describe such tran­

sitions (i.e., 3~ ). It is the occurrence of these vibronic transitions, 

among others, which account for the basic shape of electronic 

absorption bands. 

b. Electron Configurations 

It has been shown in the development of molecular orbital 

theory that the bonding in molecules can be described in terms of 

molecular orbital diagrams. The non-graphical presentation of these 

orbitals in order of increasing energy with the inclusion of their 

electron populations is called the electron configuration of the 

molecule. The lowest energy electron configurations for H2+, H2 , N2 

and H2CO are thus: 

N2 (l0';)2(l0'~)2 (20';)2(20'~).2(11T u)4(30';)2(1T g)o 

H2CO (a1)2(b1)2(a1)2(a1)2(~)2(b1)2(~)0 

and are correspondingly known as the ground state configurations. 

It is important to note that these descriptions only involve electron 

distributions and orbital symmetries. They contain no information 

pertaining to the nuclear (vibrational and rotational) or spin states 
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of the molecule. This is so because these configurations represent 

only those components of the total description of the system from 

the principal and orbital quantum numbers. 

In the construction of molecular orbitals, atomic orbitals 

which were specified according to their n, t, and m quantum 

numbers were used for the basis set. Thus one had: 2s orbitals 

(n = 2, i = 0, m = 0), 2p orbitals (n = 2, i = 1, m = 0, ±1), 3d 

orbitals (n = 3, ! = 2, m = 0, ±1, ±2), etc., as basis functions. The 

inclusion of basis functions dependent upon the vibrational, rotational 

or spin quantum numbers was not required to describe bonding. 

The heart of electronic spectroscopy lies in the description 

of how the electrons are distributed within these orbitals and what 

stationary states of the molecule result. The description includes 

not only how many electrons reside in a given molecular orbital 

(obtained from the electron configuration) but how they are oriented 

within the orbital. By oriented we mean spin up (a) or spin down 

(p) with respect to some reference direction. From this complete 

electronic description, one is able to derive not only the symmetry 

of the resulting stationary states but also their spin multiplicities 

(degeneracies). 

Problem 1. Write the electron configuration for the ground and 

first excited states of B2 and both linear and bent C02 • 

c. Stationary States 

The stationary states of a molecule are discrete energy levels 

which are eigenvalues of the zero-order Hamiltonian operator, 
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Xu = - h 
2 
/2m V + U 

The function U is the potential energy of the 

molecule and is designated as U0 in the unperturbed (isolated or 

zero-order) case. These states or levels are characterized by 

the quantum numbers n, i, m, s, v, and J and the eigenfunctions 

in which they appear. The eigenfunctions of JC
0 

are termed the 

zero-order wavefunctions (l/1,0 ) of the system. The states which n 

have energies given by ~111~ = EntJ!~ are called "stationary" because 

in the absence of any external perturbation (a change in U), the 

system can neither gain nor lose energy. This infinite stability 

results from the fact that upon solving the zero-order time 

dependent Schr6dinger equation, the solutions (111~) are found to 

be independent of time. Thus, the form of the wave equation most 

frequently seen (above) does not explicitly contain time. 

The results obtained above, however useful, are not what 

the spectroscopist requires. What one needs are functions which 

describe the time evolution of a state such that transition rates 

and probabilities can be calculated. Without them, transitions 

would be theoretically impossible. This problem is solved later 

on in a brief discussion of perturbation theory. 

The principal (n), orbital (t, m) and spin (s) quantum numbers 

appear in the 111~ and determine the energy of the electronic 

stationary states (i.e., the minimum energy of the potential wells). 

The quantum numbers v and J are related to the nuclear states 

of the molecule, and their values in the proper wavefunction give 

the energy of the rovibrational states within the wells. It is the sum 

over all the zero-point frequencies of the normal modes (i.e., when v=J=O) 

Which defines the zero .. point level within a given electronic state. 
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Ezero point = 

where n = number of normal modes 

v1 = energy of the i th normal mode 

As in the approach taken with infrared and Raman spectroscopy, 

only the symmetry of the wavefunctions is of interest, and corres­

pondingly so, only the symmetry of states they describe. However, 

unlike vibrational states (whose symmetry only depends on the 

symmetry of the normal coordinates) the symmetry of the zero-order 

electronic states depends on (1) the symmetry of the molecular 

orbitals containing the electrons and (2) the number of electrons 

in each orbital. The procedure used to determine the symmetry 

of these states is best shown with examples. 

Examples: 

1. H2+ has the electron configuration (a +)
1

• The symmetry , g 

of the electronic state derived from these data are given by the 

symmetry of the wave function describing the electron population. 

This function, called the orbital part of the electronic wavefunction, 

is denoted as lfle and contains the symmetry of each occupied orbital. 

In this one electron case, the symmetry of the orbital part of the electronic 

wavefunction is given by lfle = CTg +(1). The notation means electron (1) 

resides in a (CT+) orbital. The orbital symmetry of the state is g 
given by lfle and is described with a capital letter. This trivial 

example defines an electronic state with ~; symmetry. 
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The symmetry of a many electron orbital wavefunction is 

obtained from the direct product of the orbital symmetries which 

describe each electron. The rules for this product are determined 

by the molecular point group (i.e., H2 use D
00

h character table or, 

better, the direct product tables in Appendix A). 

2. H2 can have (among others) the following electron configu-
+ 2 +I +I 

rations: (a) (ag) and (b) (ag) (au) . The orbital parts of the elec-

tronic wavefunction for these two cases are 

(a) 1/le 

(b) lfle 

Using the D
00

h direct product table, one finds that in case 

(a) 1/le defines a :E; state and 'n case (b) lfle defines a :E~ state. 

From a general knowledge of direct products, it should be 

readily understood that two electrons in any single non-degenerate 

orbital will necessarily yield a totally symmetric state as in 

example 2, case a . 

3. The ground state configuration of formaldehyde (H2CO) is 
2 2 2 2 2 2 

(a1) (b 1) (a1) (a 1) (b2 ) (b 1) • Correspondingly, its orbital ground state 

wavefunction can be written as 

lfle = (a1 (1 )a1(2) ](.b 1(3)b 1 (4) ][ a1 (5 )a1 (6)][ a1(7)a1 (8 )]jp2(9)b2(l O)](.b1(ll )b 1 (12)] 

( A1 )( A1 )( A1 )( A1 )( A1 )( A1 ) = A1 

where the symmetry of the direct product of each electron's contri­

bution to the overall state symmetry is given below the wavefunction. 

!he overall symmetry of the state is given by the direct product of 
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~ components. It is seen that regardless of how many filled 

orbitals there are in the electron configuration, the symmetry of 

the resulting state given by their contribution is always the totally 

symmetric irreducible representation of the point group. For this 

reason, only the outer orbital electrons and the symmetry of the 

orbitals they occupy need be considered. 

(1 a ;)
2 
(1 a~) \2a~) 

1 

( l;; ) (l;~) = 

+ + ~ "' a (1) ~ L state e u u 

This is the procedure used to determine the symmetry of 

the zero-order stationary states described by these kinds of orbital 

wavefunctions. It follows that the next task is to determine what 

constitutes a proper orbital wavefunction and where spin enters the 

problem. 

Problem 2. Write the ground state electron configuration for ethylene 

and determine the symmetry of the ground state. 

d. Wavefunctions--Orbital and Spin; Restrictions On 

In order to minimize confusion, the explicit form of any 

many-electron wavefunction will be omitted. The wavefunctions will 

be dealt with, however, in sufficient detail to allow a basic under­

standing of the composition and symmetry of the beasties, w. 
The single most important property of the total many electron 

wavefunctions ('11), which completely describe the various states of a 

molecule, is that they must be antisymmetric with respect to electron 

exchange. This is a fact of nature better known as the "Pauli 
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g rinciple." This principle is perhaps more familiarly stated as 

''no two electrons can have the same quantum numbers" (n, f, m, 

and s). The meaning of symmetry with respect to electron exchange 

will be explained shortly. Further restrictions on the total wave­

function '11' to insure it properly describes a system in a particular 

state are the following: 

+«> 
(1) J_

00 
+*+ dr = 1 Normalization 

(2) +must be (a) single-valued 
(b) continuous 
(c) differentiable 

+oO 

(3) f-oo '1!:"'11. dr = 
l J 

0 i </: j Orthogonality 

Restrictions 1 and 3 are usually combined into the orthonormality 

condition 

+oc> 

f-~ 
1 

= oij = { o 
i = j 

i =I: j 
} 

The wavefunctions derived in Chapter Two were those 

describing vibrational and rotational states. These functions 

individually have all the above properties. They, of course, only 

describe the rovibrational part of '11 (the total wavefunction) and are 

denoted here as simply 1/lv· w necessarily is the product of all 

those speci.fic wavefunctions which describe 

(a) the nuclear state ~tllv 

(b) the orbital description of the electronic state~ 1/le 

and something new 
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(c) the spin state:+ 1/1
8

. 

t/ls describes how the electrons are aligned within the molecular 

orbitals and presently will be studied in detail. 

The presentation of '11 in its factored form, namely, 

where q represents electron coordinates, Q represents nuclear (or 

normal) coordinates, and a and {3 represent the spin-coordinates up or 

down, is only possible under two very important approximations. 

The Born-Oppenheimer approximation allows the separation 

of the electronic (orbital and spin) denoted as (ifles) and the nuclear 

(''' ) parts of '11 • This factorization is an approximation because 't'v esv 

the orbital part of the electronic wavefunction ifle is rigorously a 

function of both nuclear (Qi) and electron (qi) coordinates. In the 

approximation, ifle is evaluated at the equilibrium internuclear 

separation (re) and considered independent of nuclear motion. 1'1v 

is only a function of nuclear motion. 

The separation of the electronic wavefunction (ifles), which 

describes both the orbital symmetry and spin multiplicity of the 

electronic state, into an orbital (1/Je) and spin (ifls) part is only 

possible under the approximation that spin-orbit coupling is negligibly 

small. The details of this coupling will not be discussed. 

Even under the above approximation, these functions remain 

externally dependent upon each other as a consequence of the Pauli 

Principle. This principle states, as said before, that wesv must be 

antisymmetric (-) with respect to two particle exchange. Thus, ifle 

and ifls can not be both symmetric ( +) or antisymmetric (-) functions 

at the same time with respect to this operation. 
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1/lel/lsl/lv "'"' (+)(+)(+) = (+) or (-)(-)(+) == (+) 

Recall 1/Jv was assumed totally symmetric (+) in all respects 

earlier. This is important. 

As a demonstration, a look at the H2 molecule is helpful. 

The molecular orbital scheme for H2 appears in Figure 4. The 

two electrons have been placed in the lowest energy configuration 

possible (i.e., AE (a~ - a;) » electron pairing energy). 

, 
+ ' / O' ' / u ' ls , ' ls <. '> 

' 
, 

' 1L 
, 

' 
, 

' "' O'+ 
g 

Ha Rb 

Figure 4. The ground state of H2 • 

The basis functions for the orbital wavefunction defining the given 

state come directly from the molecular orbital diagram as seen in 

previous exam pl es. 

Since this is the ground state configuration, the symmetry of the 

stationary ground state is ~;. 

The bases for the spin wavefunction are two simple directional 

quantities, a and J3. They denote spin up (a) and spin down ({3) with 

respect to an arbitrary reference direction. As such, they represent 
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the values of the spin quantum number s = +j and respectively. 

The arbitrary reference direction is determined by the first electron 

placed in an orbital. It is by convention taken as an a spin but could 

be either. 

The one electron spin wavefunctions must obey the same 

restrictions as the total wavefunction, namely: orthonormality 

ja(l)a(l)dr = 1, f /3(1)/3(l)dr = 1, and J a(l){3(l)dr = 0, jf3(l)a(l)dr =- O 

and ± symmetry with respect to electron exchange. In a similar way, 

a two electron spin wavefunction like t/ls = a(l)a(2) which means 

electron (1) and electron (2) both have spin +i, must also obey these 

restrictions. 

The Pauli restricted combinations of proper spin and orbital 

wavefunctions which make up the ground state electronic wavefunction 

,,, · is simplified if the exchange symmetries of the orbital and spin 'f'es 

functions are investigated independently. 

If t/ls = a(l)a(2), electron exchange gives t/ls' = a(2)a(l). 

Electron exchange simply means exchanging the numbers of any two 

electrons in the wavefunction. Since 'f/1
8

' = -ttiJ
8

, the spin function is 

symmetric with respect to electron exchange and meets the require­

ment that l/I = ±t/1 1 upon such an exchange. The spin wavefunction 

{3(1)/3(2) is similarly symmetric with respect to exchange. The spin 

function t/1
8 

= a(l)/3(2) is not a valid function since upon electron 

exchange one obtains t/I~ = /3(1)a(2). As a(l)/3(2) does not equal 

±a(2)/3(1), Pauli is violated. 

The linear combinations 1/-12 [a(l)/3(2) + /3(1)a(2)] and 

1/../2 [a(l)/3(2) - J3(l)a(2)] satisfy all conditions as partially illustrated. 
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t/.'s = 1/./71. [a(l)/3(2) - t3(l)a(2)] upon exchange yields 

t/.'s' = 1/./2 [a(2){3(1) - t3(2)a(l)) which can be rearranged stepwise 

to 1/..f1I [~(l)a(2) - a(1)'3(2)] and to - 1/../2 [a(l){3(2) - {3(l)a(2) ]. 

It is seen that "1s = -l/1
8

' and ills is therefore an antisymmetric function. 

Four distinct two-electron spin wavefunctions have been 

derived. They are shown below wher e for simplicity a(l)a(2) is 
abbreviated aa, etc. 

t/11 = aa 

t/12 = (3(3 

t/J3 = _1_ [ a(3 + J3a ] 
,f2 

1/14 = ~ [a/3 - (3a] 

symmetric with respect 

to electron exchange 

antisymmetric 

Since only one orbital is occupied, there is only one possible 

orbital wavefunction to describe H2 in its ground state. It is a 

symmetric configuration with respect to electrons · 1 and 2 

{[ a;(l)a ;(2)] = +[ a;(2)a;(l)]} and therefore only t/14, the antisym­

metric spin function, can be used with it to form t/les. Thus, 

is the only valid wavefunction which can describe the ground state 

of H2 • It has the orbital symmetry (a;)(a;) = 1;;. 

Problem 3. Show that the following electronic wavefunctions 
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~es = [ a;(l)a~(2) + a~(1)a;(2) )[f3(1){3(2)] 

= a+(l)~(l)a+(2){3(2) + a+(1){3(1)a+(2){3(2) 
g u u g 

violate the Pauli principle. 

The first electronic excited state of H2 presents some 
+ 1 + l interesting problems. Its electron configuration, (a ) (a ) , can be 
g u 

diagramed in two unique ways as seen in Figures 5a and 5b. 

1 i 
+ , 

(J~ ' , 
au ' / ' " ' / ' / ' / ' ls ,, 

' ls ls " ' ls ( > < > 
' " ' 

~ 

' " ' 
/ 

' 1 
,, ,, 

Ha ' " Hb Ha ' 1 / 

Hb ' I ' 
+ + 

erg (Jg 

H2 H2 

Figure 5a Figure 5b 

As suggested earlier, one possible orbital wavefunction to 

describe this state is ~e = a;(1)a~(2). Close inspection of this 

function, however, reveals that it is not (+) or (-) with respect to 

the electron exchange and therefore violates poor Pauli again. Using 

the same trick applied to the spin function a (1){3(2), one obtains two 

orbital wavefunctions which satisfy all restrictions and describe a 

state with (a;)(a~) = :E~ orbital symmetry. They are: 

1/le = 
1 

.[1l 
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The ( +) combination is symmetric, the (-) combination antisymmetric 

with respect to electron exchange. 

Under the Pauli restrictions, four valid electronic wave­

functions can be constructed for the electron configuration (la;) 1 (la~)1 

1fles =A ( a;(l)a~(2) + a~{l)a;{2) ][a(l){3(2) - /3(1)a{2) J (2) 

a{l)a(2) (3a) 

1/les = ~ [ a;(l)a~(2) - a~(l)a;(2)] ,8(1),B(2) (3b) 

_L [ cv{l),8(2) + ,B(l)a(2) (3c) 
n 

A dilemma! Figures 5a and Sb are the only possible ways 

in which two indistinguishable electrons can singly occupy two 

non-degenerate orbitals. They represent, therefore, only two 

independent states. There are, however, four valid descriptions 

of this situation. Hope lies in a degeneracy somewhere. It is 

obvious from the presentation that the answer will be found in the 

exchange symmetry of the orbital wavefunctions and the number of 

spin functions associated with them. 

e. Spin Degeneracy (Multiplicity) of Stationary States 

The energy of an electronic state described by a proper, 

orthonormal electronic wavefunction is obtained by solving the 

Schrodinger equation E = J_: 1/le~'JCel/les dT. The Hamiltonian 

operator, JCe, is only a function of the electron coordinates and 

therefore only operates on the orbital part of 1/les. Thus ~sis unchanged 

by the operator Jee and the integration over the spin wavefunctions can be 
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treated separately. The situation is analogous to the operator (a /ax) 

which only operates on x coordinates leaving complex functions 

containing both x and, say, y, factorable. [a /ax(x2y + xy) ::: 2xy + y J 

or in factored form 

{ a: (x2y + xy) = y; (x 2 + x) = y(2x + 1) = 2xy + y] 

The end result of this tale is that the energy of any electronic state 

depends only on the form of 1/le. 

It has been shown that the ground state of H2 can only be 

described by a symmetric orbital wavefllllction corresponding to a 

i;; state. See equation (1). Thus, there was only one unique spin 

wavefunction compatible with it, namely, the antisymmetric function 

t/J4 • The spin degeneracy is therefore 1. The ground state of H2 is 

subsequently called a singlet state. The spin multiplicity is indicated 

as a superscript in the upper left-hand corner of the symbol which 

describes the state's orbital symmetry. Hence, the grolllld electronic 

1 + ( state of H2 is a ~g state. Read this to be a singlet, sigma, g, 

+, state.) 

1/Jes 

Similarly, the electronic wavefunction describing the first excited 

state of H2 which contains the symmetric tile [equation (2) ], is also 

a singlet state, 

1fles 

1 + 
~u. 

1 + 
~u state 
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The energy of this state is given by 

It can be shown that due to the orthonormality of spin wave­

functions each of the three symmetric tits fWlctions will give the same 

energy with a given antisymmetric 1/le. Thus, the three electronic 

wavefunctions for the first excited state of H2 shown in equations 

(3a, 3b, and 3c) are degenerate. 

They constitute a triply degenerate or triplet state denoted as 3 ~~. 

...a... 3 + .....,,, ~u state 

a(l)a(2) 

{3(1)/3(2) 

_!_ [a (1 )/3(2) + {3(1 )a (2) 
{"'!, 

The same calculations which demonstrate the equivalence of the 

three symmetric tf/
8 

also shows that in general the energy of the 

triplet state (E3 ) is lower than that of the singlet state (E2 ) provided 

both states were derived from the same electron configuration. 

The dilemma incurred at the end of section ( d) is now 

resolved except for one small point. Which 1'1es' number 2 or 3, 

corresponds to Figure Sb? Equation (2) with the (-) spin function 

corresponds to Figure 5b as seen by the antisymmetric result of 
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exchanging electrons in the two orbitals. Therefore, although four 
+ l + l 

state descriptions were derived from (ag) (au) , only two stationary 

states of different energy resulted due to spin degeneracy. 

The ground and first excited states of the H2 are diagrammed 

as follows: 

I .1.E "' electron pairing energy (1a;)1(la~)1 , , "' "' 

..... 
excited state ..... ..... s~+ 

.......... -=.u 
E 

__ (_l_a,,..;_>2_ - - - - - - iJ;; 
ground state 

Configuration States 

Figure 6 

The explicit formulation of valid orbital and spin wavefunctions 

corresponding to various electron configurations has been shown. 

What has not been shown, however, is the way in which the symmetry 

and number of stationary states corresponding to a given electron 

configuration will be determined in practice. 

To begin, we define the quantity S as equal to one-half the number 

of unpaired electrons in the electron configuration. The value of S for 

any electron configuration is open for our interpretation but only as far as 

the Pauli principle is obeyed. For example, in the configuration ... (7T)3
, 

S can only have the value 1/2 and the spin population of the degenerate 

orbitals is (1)@. 
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A value of 3/2 for S corresponds to three unpaired electrons and 

can be represented as <1) @. This value is prohibited since one orbital 

contains two electrons, with identical spins. Thus each electron has 

the same quantwn nwnbers and violates the Pauli principle. 

The nwnber of valid individual ways the spins can be arranged in 

the available molecular orbitals without altering the electron configuration 

corresponds to the nwnber of spin states possible. The whole number 

given by (2S + 1) is known as the multiplicity of the spin state, and is 

called M. 

A few examples will show how Sand Mare used to derive the 

number and multiplicity of spin states possible from a given electron 

configuration. Example 1. The ground state of hydrogen 

Since there is only one unique way in which the spins can be 

validly arranged in a filled orbital, namely paired, there is only~ 

spin state possible. As there are no unpaired electrons and S = O, 

its multiplicity (M = 2S + 1) is 1 and is, therefore, called a singlet 

state. The orbital symmetry of this state is known to be (a;) (a;) = 

E; by inspection of the electron configuration. Thus, in D ooh 

Example 2. The first excited state of hydrogen 

The nwnber of individual ways that the spins can be validly 

arranged are (1) paired, or (2) unpaired. 
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case 1. S = 0, M = (2(0) + 1) = 1 

Figure 5b 

case 2. s =i(2) = 1, M = (2(1) + 1) = 3 

Figure 5a 

~ Singlet Spin State 

:::::;> Triplet Spin State 

Since there are two spin states possible, there must exist 

two distinct orbital wavefunctions which are compatible wjth the 

singlet and triplet spin wave functions. These 1/Je nee essarily have 

(+) and (-) exchange symmetry, respectively. With the given electron 

configuration any valid 1/1. defines a (a+)( a+) = ~+ orbital state. Thus, e g u u 

in Dooh 

and it is no longer required to explicitly show that the 1/Je are 

1/.[11. [ a;(l)a~(2) ± a~(l)a;(2)] as seen previously. As a final 

example, we regress to the one-electron case. 

Example 3. The hydrogen cation~ 

H + ( +)l 
2 O'g • 

Since one electron can only be unpaired, there is only one 

unique spin state. a and {3 lose all meaning in the one electron 

case. Thus, S = ! and M = 2. A multiplicity of two defines a doubly 

degenerate or doublet spin state. 

To continue the initial example the same result is obtained with three , 
electrons in a doubly degenerate molecular orbital. For example, (1f g)3 can be 

diagrammed as®© or @©. These· diagrams represent two perfectly 
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equivalent arrangements and thus only ~ spin state. This is true, 

since @ has no net spin and hence does not serve as a reference 

direction from which one can distinguish the two arrangements. As 
3 

a result, consider all doubly degenerate orbitals such as (11' g) as 
1 

(rr g) cases. The equivalence of these configurations will be verified 

below. Thus in the point group D ooh 

Extended Summary--The Symmetry and Spin Multiplicity of Stationary 

States 

Given a particular electron configuration for a molecule 

belonging to a known point group: 

(a) If all molecular orbitals containing electrons are filled 

regardless of the orbital degeneracies, the corresponding electronic 

state is a singlet with the orbital symmetry of the totally symmetric 

irreducible representation. 

i. e.' 
2 1 4 1 

for a D4 h molecule .... (b 1u) ~ A1g or .... (eu) ~ A1g 

(b) If the outermost molecular orbital. (non-degenerate or 

degenerate) contains one electron, the corresponding state is a 

doublet with the same symmetry as the orbital which contains it. 
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(c) If two non-degenerate molecular orbitals or one non­

degenerate and one degenerate molecular orbital contain one electron 

each (a usual case for excited state configurations), both singlet and 

!!'iplet states result. They have the orbital symmetry of the direct 

product of the molecular orbitals which contain the two electrons. 

1 l 1 3 
i.e., for a C4 v molecule .... (b 1) (b2 ) ~ A2 + A2 

.... (b 1)
1
(e)

1 9 1
E + 

3
E 

(d) If the outermost molecular orbital is doubly degenerate 

and contains three electrons, the corresponding state has its 

symmetry and is a doublet. This will be verified below so do not be 

disturbed that the direct product formalism you know gives more than 

one symmetry for the resulting state. 

i.e.' for a c4h molecule .... (eu)3 
~ 2E 

u 

for a D molecule ... (7Tu)3 ==> 2II 
ooh u 

3 ==> zA for a D molecule ... (Ag) 
ooh g 

(e) If one degenerate and one non-degenerate molecular orbital 

contain three electrons and one electron, respectively, the corres-

ponding states are a singlet and a triplet. They have the symmetry 

of the direct product of the two orbitals. Have faith. 

(f) The last possibility likely to occur for which the direct product 

formalism you are familiar with is applicable is two degenerate 
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111 olecular orbitals, each singly occupied. We know single electron 

occupation of any two orbitals results in singlet and triplet spin states. 

The direct product gives the number of orbital states. Each orbital 

state exists in both a triplet and a singlet spin state. 

f D l 1 ( )1( )1-\.l .... -+l"\'++lA i.e., or a ooh mo ecu e .... 7Tg 7ru -,. ""u LJu uu 

3 - 3 + 3 
+I; +L; +D.. u u u 

The result for an electron configuration .... (7Tg)3 ('"u)
1 

is exactly the 

same as we treat (1Tg) 3 as (1Tg) 1
• 

(g) The special case in which a doubly or triply degenerate 

orbital contains two or three electrons, respectively, cannot be 

solved by the methods used above. Why this is so will be presented 

now. 

The symmetry and spin multiplicity of stationary states as 

obtained by the direct product notation described to this point have 

been greatly simplified. As is the case with all simplifications, some 

information was necessarily omitted. This section is intended to add 

back some of that which had been deleted. 

Calculating the orbital symmetry of the electronic states 

corresponding to a given electron occupation in non-degenerate orbitals 

is trivial. The formalism for adding spin multiplicity is also quite 

straightforward. This is true because: (a) For a single electron, 

one need not worry about the exchange symmetry of the orbital and 
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spin functions with respect to the Pauli principle. This result stems 

from the fact that two particle exchange is meaningless. (b) For two 

electrons in a single non-degenerate orbital, only a symmetric 

orbital function is possible. (c) For two electrons in two non-degenerate 

orbitals, a symmetric and antisymmetric combination with the same 

orbital symmetry can always be found to go with the singlet and triplet 

spin functions which arise. The symmetry of these two orbital 

functions is simply given by the direct product and the explicit form 

of the orbital wavefunction is not required. 

The special case alluded to above in which two electrons populate 

a smgle doubly-degenerate molecular orbital needs special consideration. 

There are two spin states which result from this case: a singlet which 

can be diagrammed as @O or Q@or ©©, . and a triplet, © © · 
The orbital symmetries of the states which arise from the electron con­

figuration depend on the molecular point group and are found from the 

direct product. As an example, the 0 2 molecule which has the ground 

state electron configuration .......... (1Tu)2 and belongs to the point group 

D
00

h is such a case. The symmetry of the states generated by this con­

figurationare (1TuX1X1TJ2):>~~+ ~~+Ag. Unlike the non-degenerate case, 

however, one does not know which of these states are symmetric and 

which are antisymmetric with -respect to electron exchange. This 

information is required so that the proper spin functions can be 

assigned. This problem is solved, as many others have been previously, 

by (a) detailing the solution and (b) neglecting the details and learning 

how to glean the required information from a table. 
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The solution to the above problem requires a new method for 

taking the direct product. The direct product formalism used to this 

point yielded the total direct product and contained no information with 

respect to two particle exchange symmetry. The new formalism 

retains this information and is therefore more complex to use. It 

involves taking not the total product but the "symmetric" and 

"antisymmetric" direct products. It goes without saying that the sum 

of the two must equal the total direct product. 

Recall that the characters of the square of any degenerate 

irreducible representation were given by the square of the characters 

(x) under each operation R of the group. Thus, the characters of the 

total direct product were given by [ x(R) f. Table I line 3 gives the 

characters of the total direct product of (e')(e') in the point group D3h. 

The characters of the symmetric (x +)and antisymmetric (x-) 

direct products are given below. The symbol x(R2
) represents the 

characters of the square of the operation R; see lines 1 and 2, Table I. 

characters x + 

characters x-

= 

= 

H [ x(R)f + x(R2
)]} 

t{[ x(R)f .. x(R2
)]} 

When the characters ofthe(x+)and(x-)direct products have been 

properly found, their sum should equal the characters of the total 

direct product, (~(lines 4 and 5) =line 3). In general, only the 

characters under x +will be reducible. 
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Table I 

(e' )(e') 

D3h E 2C3 3C2 O'h 283 3 a v 

a I 
1 1 1 1 1 1 1 

~' 1 1 -1 1 1 -1 

~e' 2 -1 0 2 -1 0 

a " 1 1 1 1 -1 -1 -1 

~" 1 1 -1 -1 -1 1 

e" 2 -1 0 -2 1 0 

1 R2 E c2 
3 E E CZ 3 E 

2 x(R
2) 2 -1 2 2 -1 2 

3 ( X (R)]2 4 1 0 4 1 0 

4 + 3 0 1 3 0 1 x 
5 x 1 1 -1 1 1 -1 

As seen in Table I. the states resulting from an electron 

conuguration · · · · · · · (e')2 in the D3h point group are 

A I +A I + E' 
1 2 (obtained by inspection of ( x(R))2

) 

The characters under the symmetric product (x +) reduce to 

the Ai' and E' states. The characters under the antisymmetric 

product (x-) are irreducible and define the A/ state. 

It is now possible to assign the proper spin functions to the 

above states. (e')2 defines both singlet(-) and triplet(+) spin states. 

The Pauli principle demands that the only triplet be of~' symmetry. 

Thus the electronic states generated by the configuration · · · · · · · (e' )
2 

are 



215 

3A ' + 2 

CDCD 

+ 

®O=O® 

The electron population and orientation of spins within the 

degenerate orbital are given below the state they represent. The 

spin configurations under E' are orbitally degenerate by definition 

of the (e') orbital. Now that the formalism has been presented 

explicitly, it is convenient to have a way to obtain the required infor­

mation without constructing a table similar to Table I. Such a way 

exists and is presented in Appendix A. The antisymmetric direct product, 

which only has meaning when a degenerate irreducible representation 

is squared, appears in the total direct product with a bracket around it. 

Using Appendix A, the solution to the originally proposed 0 2 problem 

is that the l:~ state is the antisymmetric state. Thus, the ground state con-

figuration .......... (11'u)
2 

of 0 2 defines the states 

1 + 3( -1 l 
Lg+ Lg + Ag. 

The triplet state is lowest in energy. Therefore the ground state of 0 2 is 3 L-. 
g 

A more complex example of the usefulness of the tables involves 

a fictitious excited state of the D6h molecule C6H6 • The ground state 

electron configuration is · · · (a2u)
2 

(e1g)4 (e2u)0
• The double excitation 

resulting in the electron configuration (~u)2 (e1g)2 (e2U)2 requires a 

competent knowledge of "what is going on" to deduce the number, 

symmetry and spin multiplicity of the resulting states. The number 

and symmetry of each state arising from such a configuration is 

given by the direct product of all states derived from each orbital 

considered. Thus: 
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Since there is only one spin state possible for two electrons in a non­

degenerate orbital, (a2u)2 contributes only a 1A1g term 

As (e1g) is degenerate, more than one state results. They have the 

indicated symmetry and the ~g state is antisymmetric. Two 

electrons in a doubly degenerate orbital define both singlet and triplet 

spin states. Only the ~g function can exist as a triplet (symmetric 

spin), thus this orbital contributes three terms: 1
A1g + 3A2g + 

1
E 2g· 

In the same way (e2u)2 contributes the terms: 1A1g + 3~g + 
1
E2g. 

The total number of states derived from the orbital populations 

used is given by the direct product of each orbital's contribution 
(see H2 CO example J. The spin-multiplicity of eacn state resulting 

from multiplying spin functions is given in Table II. The results of 

(1Aig)(1A1g + 
3~g + 

1E2g)(1
A1g + 

3
A2g + 

1
E2g) are 1

A1g (3) + 
3
A1g + 

5
A1g 

+ 1~g + 3~g (2) + 1E2g (3) + 3E2g (2). It should be obvious that the 

contribution made by the (~u)2 orbital had no effect on the result. This is 

why in general we neglect the contribution from filled molecular orbitals. 

Table II 

Multiplicities Arising from the Combination 
of Two Terms 

..-Scp!lrntc Terms~ ..---Combined Terms-----------
Singlet + Siui;let Singlet 
Singk-t + Doublet Doublet 
Singlet. +Triplet. Triplet 
Doublet + Do11hlct. Singlet. . + Triplet 
Doublet + 'l'riplet Doublet + Quartet 
Triplet + Triplet Singlet. + Triplet + Quintet 



217 

This problem, though rarely found in organic molecules, is typically 

found in transition metal complexes where the d orbitals are 

incompletely filled. 

As an example, [V(H20)6 ] +3is ad2 octahedral(Oh)ion and in the ground state 

has the electron configuration (t2g)2 (eg)0
• The states which result 

from this configuration are simply obtained from Appendix A. They are 

Since both singlets and triplets are possible from two electrons in a 

triply degenerate orbital, the triplet spin function can go only with 

the antisymmetric product (T ig ]. The states are 
1 1 3 1 
A1g + Eg + T ig + T2g. 

The results of more complex (yet just as straightforward 

examples are listed in Table VI. 

There remain only two small points left to clarify. They 

are(a) why do the configurations (11u)1 and (11u)3 or ( t2g)1 and ( t2g)5 

yield the same states and (b) why does a completely filled degenerate 

orbital yield only a totally symmetric singlet state? If one were to 

apply the "symmetric" and. ''antisymmetric" direct product rules to 

this problem the answer comes out wrong. As an example. 

(1T )3 
u 
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The problem originates from the fact that the "symmetric" and "anti­

symmetric'' direct product formalism as presented here only applies to the two 

electron case. Three or more electrons in a doubly, triply, or n­

degenerate orbital require a much higher order formalism. In 

place of any higher order mathematics, the use of decent symmetry 

is used to deduce the result. 

The method of decent symmetry utilizes the fact that reducing 

the symmetry of a molecule low enough removes any existing orbital 

degeneracies. For example, bending the linear molecule C02 reduces 

its symmetry from D00 h to C2v. As a result, the degenerate 1f 

representations reduce to the non-degenerate a1 and b2 representations. 

Restoring the molecular symmetry restores the degeneracy. 

0 b2 

( ' 
1f 00 '~oo 1T 

0 a1 
~.,, ,, 

Dooh C2v Dooh 
State States State 
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The one electron case (71')
1 yields a 

2
Il state. In the reduced 

point group (7r)
1 

could be represented as (a1)
1 or (b2)1

• These two 

possibilities yield 
2 
A1 and 

2
B2 states, respectively. Restoring the 

2 2 
full D00h symmetry makes the A1 and B2 states degenerate again. In 

other words, these two orbitally non-degenerate doublet states form 
2 

one orbitally degenerate doublet called 11 

The three electron case (11')3 yields, as above, two ,non­

degenerate orbitals which can be populated in two ways. They are 

(a1 )
2(b2 )

1 or (a1 )
1 (b2)2. These configurations yield, respectively, 

(1A1)(2B2) = 2 B2 and (2A1)(1A1 ) = 2A1 states. Upon restoring the full 

symmetry, it has been shown that 2B2 and 2A1 are degenerate and 

define the 2n state. The equivalency of (7r)1 and (11)
3 has thus been 

verified. 

A similar argument for ( t2g )1 and ( t2g )5 involves reducing the 

point group to such a level that three non-degenerate orbitals occur 

for each triply degenerate orbital (T d - X - T ct>· The symbol X 

denotes some molecular point group with a symmetry low enough to 

remove the degeneracy of the three orbitals. These orbitals are 

represented by the general symbols a, b, and c in the point group X. 

(a)2(b)2(c)1 ~ (1A)(1A)fC) = 2c 

(t2g)
5 reduced~ (a)2(b)1(c)2 ~ (1A)(2B)(1A) = 2B 

(a)1(b)2(c)2 :::;> (2A)(1A)(1A) = 2A 

2 
9 T2g when restored 
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The verification that (7rg)4 yields 1E; in the D
00

h point group is 

similar. Dooh - C2v - Dooh 

In these examples, the fact that any filled, non-degenerate orbital only yields 

a totally symmetric singlet state is used to verify the same result for 

a filled degenerate orbital. Note again, that the direct product formalism 

useful to prove that (b2 )
2 

yields only a singlet state with (b2)(b2) == A1 

orbital symmetry is not awlicable when more than two electrons occupy 

a single orbital [ eg. , (1T )4 ] • 

Problem 4. Determine the orbital symmetry and spin multiplicity 

of the electronic states corresponding to the given 

electron configurations: 
2 1 l 

(a) For a D4 molecule .... (a2 ) (b 1) (e) 

(b) 
4 2 

For a C4h molecule .... (eg) (bu) 

(c) 
3 1 

For a C3V molecule .... (e) (a2) 

(d) 
3 1 

For a Dah molecule .... (e2g) (e2u) 

2. Selection Rules 

There are two distinct types of selection rules governing the 

activity of electronic transitions. One involves M, the spin 

multiplicity, the other, the orbital symmetry of the electronic state. 
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These types will be discussed individually as forbiddenness with 

respect to the spin and orbital selection rules has different effects 

on the intensity of a given transition. 

The intensity of a pure electronic transition (zero-point level 

to zero-point level) is determined by a transition moment integral 

of the type 

where l/I e's' and t/les are the zero-order excited and ground state 

electronic wavefunctions respectively, and O is the operator which 

describes the coupling mechanism between the radiation and the 

molecule. The operator 0, just as for infrared absorption, is the 

dipole moment operator µ. It transforms as the coordinate axes 

x, y, and z in the molecular point group. For the same reasons 

3Ce did not operate on t/I s' neither does fl (l/I s is independent of 

the electron coordinates). Thus the transition moment integral can 

be rearranged as shown under the assumption of no spin-orbit 

coupling. 

(4) 

a. Spin 

The spin selection rule is just a restatement of the ortho­

normality condition imposed on all wavefunctions, including those describing 

spin. This condition for spin wavefunctions is 

fl/I.*, t/I dT = cS ' { = 1 ifs' = s) 
s s s s = 0 if s' :I: s 

(5) 

It should be clear that since the spin wavefunctions must be 
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symmetric (+) or antisymmetric (-)with respect to electron exchange 

if 1/1;, = (+) wavefunction, 1Ps must also be a (+) wavefunction or the 

orthogonality condition in equation (5) makes integration over the spin 

wavefunctions zero. Thus, if S(t/Js') ¢ S(t118 ), Me's' es [equation (4)] 

is zero irrespective of what fl/l:P.t/ledT is and the transition between 

the two states is said to be forbidden. 

The spin selection rule states in an identical manner as above 

but in a shorthand way that A(2S + 1) = 0 or else the transition is spin 

forbidden. This is usually abbreviated further to 

The following examples illustrate the spin selection rule. 

1. The ground and first excited state electron configurations 

+ . ( +)( +)o ( +)o ( +)1 for ~ are respectively: O'g O'u and ag au . They correspond 
• 2 + 2 + 1 to ground and excited states of :Eg and :Eu . s = 2 in each 

state, thus AM= 0 is obeyed. A transition resulting from the 

absorption of energy between these two states is spin allowed. 

To prove this transition does not give a zero Me's' es due to 

spin forbiddenness, one must inspect the integral over the spin wave­

fWlctions. The upper state wavefunction will be primed for book­

keeping purposes. Since the wavefunctions are normalized the integral 

over all spin space is unity. 

f a(l)a' (l)dr = 1 
ei 

(over electron one). 
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2. The ground and first excited state electron configurations 
+2 +O +l +l 

for H2 are, respectively, (ag) (au) and (ag) (au) . They correspond 
i+ i+ s+. to a i;g ground state and both a i;u and i;u excited state. The 

AM = 0 rule predicts only the singlet-to-singlet transition is spin 

(
1 + 1 + 1 + 3 + 

allowed i;g - ~u '=!> M = 0 - M = O, AM = O; ~g - ~u :+M = 0 -

M = 3, AM I 0). 

To prove this, one needs the explicit form of the spin wave-

function for the three states. See equations (1), (2), and (3a, 

3b, or 3c). tfls = (1/./2)[ a J3 - ~a] for all valid singlet states. 

12;+ ..... 
1
i;+ spin allowed if J ...!... [a(l),9(2) -J3(l)a(2) ].!.. [a'(l)f3'(2) -/3'(l)a'(2)]dr * O 

g g /'[" :./'[" . 

over electrons 
(1) and (2) 

= ![J a(l)J3(2)a'(l)J3'(2) - J a(1){3(2)J3'(1)a'(2) - J J3(l)a(2)a'(l)J3'(2) 
e1 2 e1 2 e1 2 

' ' ' 
+ J {3(1)a(2)/3'(1)a'(2)1 dr 

ei 2 J ' . 

= i [J a(l)a'(l) J {3(2)/3'(2) - J a(l)J3'(1) J J3(2)a'(2) 
~ ~ ~ ~ 

- J J3(l)a'(l) J a(2){3'(2) + J j3(l)J3'(1) J a(2)a'(2)Jdr 
e 1 e 2 e1 ~ 

= -!((1)(1) - (O)(O) - (O)(O) + (1)(1)] = 1 spin allowed 

To prove the singlet-to-triplet transition is indeed forbidden, 

it is permissible to use any one of the three triplet spin wave­

functions as they are all symmetric (+). 
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1 + -+ s~+ 
~g g 

..J.... J [ a(l)/3(2) - {3(1) a(2) ][ a'(l) a'(2)] d-r 
.f'1 e1 2 

' 
= !. [f a(1)/3(2)a'(l)a'(2) -

v ~ e1 2 

' 
= J_ [f a(l)a'(l) .f /3(2)a'(2) -

.rt e1 e2 

J /3(1)a(2)a'(l)a'(2) ]d-r 
e1 2 

' 
J {3{1)a'(l) J' a{2)a'(2) ]d-r 
e1 2 

= A {1)(0) - A (0)(1) = 0 spin forbidden 

The spin selection rule is very "strict" and therefore spin­

forbidden transitions are rarely seen in routine absorption spectra. 

Transitions that break this rule involve heavy atom perturbations 

(spin-orbit coupling) and can be neglected for the present. 

Problem 5. Prove that a transition between the two electronic states 

described by the following wavefunctions is spin-forbidden. 

"'es e~;> = 
3 + 

1'1es ( ~u) = 

b. Orbit 

[ a;(l)a;(2) ][a(l)/3(2) - {3(l)a(2)] 

[ag+(l)a+(2) - a+(l)a+(2) ][a(1)~(2) + f3(l)a(2)] u g 

The orbital selection rule governing electronic transitions is 

also derived from the form of the transition moment integral 

[equation (4)]. It is perfectly analogous to the vibrational selection 

rule and is stated as "An electronic transition is orbitally forbidden 

if the integral J_: t11;1 µ. tlledT does not contain the totally symmetric 

representation of the molecular point grou~. " 
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As with the infrared selection rule, it is only the orbital 

symmetry of the two states between which a transition might occur 

that is of interest. The spin allowed transition 
1 ~+ - 1~+ illustrated g u 

previously for H/ (D
00

h point group) is readily shown also to be · 

orbitally allowed. ji. ,.., a~(z) and 7Tu(x, y); 

Transitions which are both spin and orbitally allowed are 

termed fully-allowed. This type of transition in a given molecule 

is always the most intense band in the spectrum. 

It is immediately obvious that for a totally symmetric ground 

state, only those transitions to excited states which have the same 

orbital symmetry as at least one component of the dipole moment 

operator will be orbitally allowed. 
1 + 3 + The spin-forbidden transition ~g - ~u described for H2 

in part (a) is seen to be orbitally-allowed. This orbital allowedness 

has little effect on the intensity of the transition, however, as the 

intensity is completely dominated by the spin selection rule. 

The pure electronic transition to the first excited singlet 

state · of benzene offers an example of a very common case in 

electronic spectroscopy. The ground state of C6H6 is 
1
A1g· The 

1 lowest energy singlet state is B2u. The dipole moment operator 

transforms as ~u(z) and e1u(x, y) in the D6h point group. 

AM= 0 spin allowed 
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Spin-allowed, but orbitally forbidden transitions have, in 

general, intensities intermediated between fully-allowed and spin­

forbidden transitions. The mechanism by which this type of electronic 

transition gets intensity is known as vibronic coupling. 

For qualitative purposes only, the following may be used to 

determine the "allowedness" of a given absorption band observed 

in an electronic spectrwn. 

E = 10-5 
- 1 Spin-forbidden 

E = 1 - 10
3 

Spin-allowed, orbitally-forbidden 

E = 10
3 

- 10
5 

Fully-allowed 

where E is the molar extinction coefficient from Beer's Law: 

A = E c.f. and the absorbance (A) == log Io / I. 

Problem 6. Th~ ground state electron configuration of ethylene is 
2 0 

· · · · (b1u) (b2g) · 

(a) What is the ground state orbital symmetry and spin 

multiplicity? 

(b) What is the orbital symmetry and spin multiplicity of 

the first excited state(s)? 

(c) What would you predict to be the range in E for a 

transition(s) between the ground state and the first 

excited state or states ? 
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c. Vibronic-Coupling 

The phenomenon of vibronic coupling forms the basis from 

which one may interpret the structure of molecules from an analysis 

of their electronic absorption or emission bands. This is true, 

however, only for those types of molecules which display vibrational 

fine structure in the given electronic transition. The situation is 

roughly analogous to the appearance of rotational transitions built 

upon an allowed vibrational transition. 

To explain the consequences of this phenomenon, the vibra-

tional wavefunction must be reintroduced into the state description. When 

1flv was omitted it was assumed totally symmetric and independent 

of the electronic wavefunction. In the limit of zero vibronic 

coupling and under the assumptions of the Born-Oppenheimer 

approximation, this was a valid thing to do and will soon be justified. 

Recall that the total wavefunction describing a stationary 

state of the molecule was factored as shown. Each part was 

considered separately to simplify the derivation of infrared-Raman, 

orbit, and spin selection rules. One must now, however, consider 

all contributions to '1t simultaneously. 

It has been shown that the zero-order electronic state of 

a molecule can be described by the wavefunction 1fles = t/let/ls. 

Hence, the total wavefunction 'I' can be considered as containing 

two parts: an electronic part, described by t/Jes; and a nuclear 

part, described by "1v· The symmetry of the vibronic state 
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described by w = tPesl/lv is determined from the direct product of 

the symmetries of tPes and l/lv· 
In the derivation of selection rules governing the pure electronic 

transitions between zero-order stationary states (0-0), the transition was 

defined as occurring between the zero-point rovibrational levels of each 

well (Eqs. 3 and 4). The symmetry of 1flv is always the totally symmetric 

representation of th~ point group in the zero-point level. This is clear 

from inspection of the Hermite polynomial for which v = 0. As a result, 

the direct product of tlJv and tPes always yields the symmetry of tPes in the 

zero point level. In effect, the symmetry of i/lv has no influence on the 

symmetry of the zero-order state. Neglecting this function in the 

derivation of the selection rules governing pure electronic transitions 

was, therefore, perfectly valid from the standpoint of symmetry. 

The transition moment expression written in its complete 

form is 

Joo * "" d Me' s'v' esv ex: -oo 1/le' s'v' µ 1/1 esv 7 (6) 

Under the Born-Oppenheimer and small spin-orbit coupling approxi­

mations, the transition moment can be factored as shown 

(7) 

The removal of the vibrational wavefwiction from the action of the 

dipole moment operator is justified as a consequence of the Franck­

Qondon principle. This principle in effect states that electronic tran­

sitions occur at such a rate that the nuclei have no chance to change 

position. This means that the electron experiences the effects of 
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a uniform potential field (U) during the time of the excitation inter­

action. This is important because (U) appears in the Hamiltonian 

operator used to calculate the energy of the electronic transition. 

It will be shown later that (U) is a complex function containing 

both the zero-order potential (U0 ) and a simple perturbation term (U' ). 

This principle implies that an electron can be excited from one 

state to another independent of the rovibrational state of the molecule. 

An approximate time scale for electronic and vibrational transitions 

is, respectively, 10-
15 

and 10-13 sec. It is this principle in conjunc­

tion with the symmetry argument which permitted the exclusion of 

the vibrational wavefunctions in the derivation of pure electronic 

transition selection rules (Eq. 4). It also defines why in diagrams 

such as Figures 3 and 7 an electronic transition is indicated by a 

vertical line (constant nuclear coordinate) connecting the two elec­

tronic states. The diagrams therefore indicate that no nuclear motion 

occurs in the time of the electronic excitation. 

The only new function which appears in the transition moment 

expression (6) is the integral over the vibrational wavefunctions. 

Recall that all integrals of this type are required to obey the 

orthogonality condition. Though this restriction is met for the 

set of solutions tPv in the same electronic state, it does not 

necessarily apply to 1/Jv 's in different electronic states. Therefore, 

irrespective of its symmetry, the integral f 00 
l/I, *, 1/1..v dr usually -oo v 

has a non-zero value. Its square is known as the Franck-Condon 

factor and is a measure of the overlap between the two vibrational 

wavefunctions. This factor, therefore, has a large effect on the 

intensity of an allowed transition as I o:: IMe's'v'esv ! 2. 
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Only the symmetry of 1/Je' tJ;v' and l/Jel/lv are of in.terest to us 

since they alone determine if a given vibronic transition is orbitally­

allowed or forbidden. 

Figure 7 illustrates the ground and first excited single state 

of para-difluorobenzene(p-C11 F2H.1). Only two of the many vibrational 

l 

I 
I I 

-1 

..:.. ~' 
~ v, • 

v, 
~ - - ii'a \ ·-:' - Vo \ \ 

' \ ' 

(big) 

(b2~) 
(ag 

3 2 1 4 

Figure 7 

Q 
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levels corresponding to the 30 normal modes (vi) are included. 

-As stated before, it is not strictly correct to place more than one 

vibrational progression in a given well, but the utility of doing so 

may now be evident. For the ground and first excited state electron 

configurations, only the partially filled or highest energy completely 

filled molecular orbitals will be considered. These configurations 
2 0 l l 

are, respectively, .... (b2g) (au) and .... (b2g) (au) . They 

correspond to a 1 Ag ground state and both a 1B2u and 3B2u excited 

state. 

In order to calculate if the spin-allowed transition is 

orbitally-allowed, one must know how µ transforms in the point 

group. p-C6H4 F2 belongs to the point group D2h, therefore, µ, "' 
b3u(x), b2u(y), and biu(z). 

The transition moment integral corresponding to the 0-0 

transition, line 1, Figure 7, is 

= 

thus the 0-0 is fully allowed, y polarized. It is y polarized because 

only the y component of µ, contributes to the integral. 

The vibronic transition, line 2, Figure 7, is a transition 

from the V0 (vi = 0) vibrational level in the ground state to the 

fundamental level (v = 1) of the vibration 118 ' (b2g) in the excited 
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state. The transition is 

- -
I b3U 

(B2u)(b2g) b2u (Ag)(ag) = 
blU 

spin-allowed, orbitally-forbidden. 

Similarly the vibronic transition, line 3, Figure 7, is fully­

allowed, x-polarized. 

The transition indicated by the dotted line (4) is a vibronic 

transition of a special type known as a "hot-band.'' This name 

originates from the thermal mechanism by which these ground 

state vibrational levels are populated. It is spin-allowed, orbitally-

allowed. 

The hot-band transition from v8 is orbitally-forbidden. An 

example of the gas phase spectrum of p-C6F2H4 may be found in 

Figure 10. 

Problem 7. Prove that the hot-band transition 1 Ag(v8 ) -
1
B2u (v7 ' ) 

is fully-allowed and z polarized. The notation means 

we are exciting an electron from a V8 (b2g) vibrationally 

excited ground state to the first excited electronic state 

which is i/7 ' (b1g) vibrationally excited. This transition 

is diagrammed on the following page. 
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Transition Ag (118 ) - B2u w,' ) 
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The most important aspect of vibronic coupling, however, 

is illustrated by molecular systems in which the 0-0 transition 

(pure electronic excitation) is orbitally-forbidden. Such is the 

case with C6H6 and 1, 3, 5-trisubstituted benzenes. 

The lowest energy spin-allowed electronic transition in benzene 

(D6h) is between the ground state 
1
A1g and the 1B2u state. [i. in D6h 

transforms as a2u and e1u· The 0-0 is 

or bi tally-forbidden 

However, any b 1g or e2g vibration in the excited state can 

serve as a vibronic-origin and thus make the transition vibronically 

allowed as shown below (v: = 525 cm-
1 

and has e2g symmetry as 

does 'VIS = 606 cm ~ 1 ) 

A hot-band originating from an e2g vibrational level in the ground 

state is similarly vibronically allowed. 

Problem 8. What is the energy of the v6 hot band in benzene if the 

v: vibronic band appears at 38, 614 cm -i. Use the 

vibrational energies given above. Illustrate the two 

transitions in a manner similar to Figure 7. 
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Vibronic coupling is not the only mechanism by which a for­

bidden electronic transition can obtain some allowed character. In 

a manner analogous to the vibronic interaction itself, coupling can 

occur between rotational and "vibronic" wavefunctions. Such a 

perturbation is known as Coriolis coupling. It, in general, however, 

is only important for molecules smaller than, say, methane. 

3. Electronic Processes in Polyatomic Molecules 

There are three basic electronic processes: (a) The absorp­

tion of energy followed by an electronic transition to an excited 

state. (b) The non-radiative decay of excited states. (c) The 

emission of energy at a series of wavelengths usually longer than 

the excitation source. Each of these types will be described briefly. 

a. Absorption 

It has be01 stated that the stationary states of a system were 

described by a set of orthogonal zero-order wavefunctions (i/lf ). In 

addition, these eigenfunctions of ~ were found to be time indepen­

dent. In order to effect a transition between states within the time 

t = 0 and t = t, some time dependence must be introduced into 

the solutions of the wave equation. It was found, and should be 

accepted at this stage without proof, that this could be accomplished 

by perturbing the zero-order potential energy term U = U0 • The 

perturbation, called U' , is the energy of the electromagnetic radiation 

used to probe the system. In the three dimensional case, this energy 
.... .... 

is simply U' = E • µ . 
... 

The term E is the electric vector of the light 

and µ is the dipole moment of the molecule. In operator form, 



236 

the perturbation, U', is proportional to p. and is called 'JC'. The 

perturbed Hamiltonian (3<;, + JC' ) now yields new solutions to the 

Schr6dinger equation. These solutions are linear combinations of 

the zero-order wavefunctions and have the form \j/i = an\j/~ + am\j/~. 

The coefficients, which are sometimes called weighting factors, are 

time dependent. Utilizing the newly found time dependence, it can 

be determined that the rate of change from one state (1"m) to another 

(1/Jn) is given by 

Removal of terms involving the magnitude and direction of the 

radiation field leaves only the symmetry dependent term derived 

previously 

This term, which describes the overlap between state (1"n) and the 

perturbed state (P.1"m), is simply the familiar transition moment 

integral, Mnm. Physically what has happened is that under the 

action of the oscillating electric field, the previously orthogonal set 

of solutions to the wave equation have been mixed. As a result, 

there appears a term which defines their overlap. The creation 

of this overlap is what was lacking in the zero-order solutions to 

the energy and which prevented transitions from one state to another. 

The selection rules developed from this term, however, illustrate 

that the overlap between some states remains zero. Transitions 

between such states, therefore, are still forbidden. 
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The absorption of radiant energy observed in the visible 

and ultraviolet regions (13, 000 cm -i - R:: 50, 000 cm -
1

) is due 

entirely to electronic transitions. Electronic absorptions below 

the lower limit are known but are infrequently observed. Those · 
-1 . 

in the region above 50, 000 cm (known as the vacuum ultraviolet) 

are in general quite broad and except for the most simple molecules 

are very difficult to analyze. 

b. Non-Radiative Decay 

Better lmown as radiationless transitions, non-radiative decay 

is perhaps the least understood and fundamentally most important 

process in the field of electronic spectroscopy. Radiationless tran­

sitions are those by which electronically excited molecules: (a) 

dissociate into smaller fragments, (b) associate into polymeric units, 

(c) rearrange into isomeric structures, (d) relax to a fluorescent 

state, (e) relax to a phosphorescent state, or among still others 

(f) relax back to the ground state. The appearance of heat usually 

accompanies each of these possibilities. Those processes described 

in (a) - (c) are the primary concern of photochemists. The radiation­

less transitions accountable for processes (d) - (f) are of primary 

importance to spectroscopists. It is for this reason that only the 

mechanisms involved in examples (d) - (f) will be discussed. 

A typical method of presenting electronic processes is 

illustrated in Figure 8. The solid lines indicate radiative transitions; 

the wiggly lines non-radiative transitions. 
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Figure 8 

Jablonski Diagram 

A = absorption; F = fluorescence; P = phosphorescence 

S0 = ~round state; S1 = lowest singlet; T 1 = lowest triplet 

The Jablonski diagram illustrates two important radiationless 

channels whereby an excited state loses energy. Each channel relies 

heavily on vibrational relaxation which is induced primarily by 

inelastic collisions. The first of these routes, abbreviated (IC), 

is internal conversion. This process involves: (a) vibrational 

relaxation of an excited singlet state (S 1) to its zero-point level, 

(b) a coupling with a lower state (S0 ) of the same multiplicity and 

at a vibronic level degenerate with it, and (c) vibrational relaxation 

of the S0 state to its zero-point level. As vibrational relaxation 

is known to occur on a time scale somewhere between 10-9 and 
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10-11 seconds depending on the molecule and the experimental 

conditions, it may appear that the radiative processes (F), 

fluorescence, should not occur. It is known that a typical radiative 

lifetime for (F) is usually on the order of 10-8 seconds. For most 

systems, however, the (IC) radiationless mechanism is slowed 

appreciably by a low probability of coupling between S1 (v = 0) and 

S
0 

(v = x). This is not true for coupling between Sn and Sn-l where 

n > 1. The magnitude of this interaction depends strongly on the 

Franck-Condon factor. This factor, which is a measure of the 

overlap between these two states, varies inversely with the energy 

separation over reasonable magnitudes of distortion in the excited 

state. See Figure 9. 

As presented, Figure 9 illustrates the upper limit of the 

Franck-Condon factor (i.e., the maximum possible value of the 

overjr, between 1/lv' and 1/lv). To be perfectly correct, the overlap 

betv.Sen 1flv and 1/lv' should be diagrammed rather than littv I 2 and 

11/lv' 1
2

• This is so because the Franck-Condon factor is I J 1/lv' it-'vdr I 2. 

The figure is an upper limit to the magnitude of the overlap as a 

consequence of the Schwarz inequality 

If f(Q)g(Q)dT I 2 ~ If f(Q)d-r I 2. I J g(Q)d-r I 2. 

It is important to realize, however, that large distortions in the . 

excited state can result in a reversal of the Franck-Condon factor's 

inverse relationship to the energy separation. 

The remaining route, abbreviated (ISC), is intersystem 

crossing. Thls highly efficient and important process involves: 

(a} excitation to a singlet state (Sn) followed by its vibrational 
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Figure 9 

Potential wells representative of the benzene symmetric CH 

stretching vibration. The probability functions l1'1v j 2 for a few 

vibrational levels have been included to demonstrate the overlap. 

relaxation. (b) A coupling with a degenerate vibronic level of a 

lower state of different multiplicity. This interaction is commonly 

known as spin-orbit coupling. (c) Intersystem crossing to the 

Sn-1 state, again followed by vibrational relaxation. It is known 
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that the (ISC) rate for Sn""""> Tn is much greater than for Tn -'"'-""'> S
11

_ 1. 

This result indicates that the Franck-Condon factor in the Sn ~> T n 

transition is much larger than the Franck-Condon factor in the 

Tn ~ Sn-l transition (AE(Sn - Tn) « AE(Tn - Sn-l) ]. The relative 

rates of the Sn J1£l> Sn-l and Sn~> Tn transitions are highly 

dependent upon the particular molecule, its phase and the experimental 

conditions. For instance, in most pure organic crystals, it is sus­

pected that Sn ~> Tn does not occur at all . On the other hand, 

paramagnetic or very large molecules (NO, 0 2, Hg, Kr, 12, etc.) 

are known to enhance spin-orbit coupling (thus the ISC rate) to 

such an extent that fluorescence is usually not observed when they 

are present in the system. The effects of phase and external perturbations 

will be discussed more fully as particular cases warrant. 

For the purposes of structure determination and of learning 

basic spectroscopy, it is the radiative or emission processes which 

are most important. 

c. Emission 

Once a molecule has absorbed a quantum of energy, the 

same perturbation methods alluded to earlier describe its mechanism 

for radiative decay. This radiative decay, called emission, has 

two principal pathways which are intimately related to the two 

principal non-radiative channels. The transition moment describing 

emission is the same as that for absorption except that the ground 

and excited state wavefunctions exchange position in Mnm. 

1. Fluorescence. The mechanism of fluorescence is related 

to that of internal conversion in that it occurs only between states of 
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like multiplicity. With only a very few exceptions, it involves 

radiative transitions between the zero-point level of the lowest 

excited singlet state and the various allowed vibrational levels of 

the ground state. Emission is only observed to originate from the 

zero-point level of SI as vibrational relaxation within . SI at typical 
3 

gas pressures, in solution or the solid is usually 10 - 10 times 

faster than the radiative lifetime ( r f) of the fluorescent state. 

In order for a system to fluoresce, it is obvious from 

the Jablonski diagram (Figure 8) that rf must be shorter than the 

internal conversion rate (kic) as well as be competitive with the 

intersystem crossing rate (kisc>· If this were not the case, the 

fluorescent state would be depleted prior to the occurence of any 

radiative transition. The enhancement of the spin-orbit coupling 

mechanism, and thus kisc' is surely the reason that molecules 

which are known to fluorescne strongly in the pure vapor phase, 

do not emit (or at best only weakly) in the presence of 0 2 • This 

phenomenon is also observed for molecules which exhibit fluorescence 

in the pure crystalline state. Though pure crystal fluorescence is 

a common radiative pathway for most organic molecules, phosphorescence 

is only infrequently observed. The quenching of pure-crystal 

fluorescence by introducing paramagnetic species like 0 2 and NO 

in general enhances emission from the triplet. 

As fluorescence is a spin-allowed process, it has a relatively 
-8 

short lifetime (Tf ~ 10 seconds). Correspondingly so, this type 

of emission is usually quite intense . when compared to triplet 

emission. 
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2. Phosphorescence. The radiative transition known as 

phosphorescence is directly related to the non-radiative mechanism 

of intersystem crossing. It is, as such, a spin-forbidden process 

involving transitions from the zero-point level of the lowest excited 

triplet state to the various orbitally-allowed vibrational levels of 

the singlet growid state. The intensity of phosphorescence in 

general is therefore weak as the spin selection rule dominates. 

If a system is to phosphoresce, the following conditions 

must be met following population of the lowest singlet state: 

(a) kisc between 8 1 ~ T 1 must be competitive with kic and 'Tf 

for 81 - S0 • For most molecules, experimental conditions can 

usually be adjusted such that this requirement is met. (b) The 

phosphorescent lifetime ( 'T p) must be shorter than kisc between 

T 1 """'> S0 • This particular restriction is quite sensitive to phase 

and experimental condition. Triplet lifetimes are typically in the 
-4 2 

range of 10 - 10 seconds, therefore the phosphorescent state is 

susceptible to a variety of radiationless mechanisms for depletion. 

One such mechanism is collision induced triplet-triplet anihilation. 

This process creats vibrationally excited singlet and growid state 

molecules in such a way that energy is conserved. At low tem­

peratures, and in an environment such that two triplets cannot 

collide, most organic molecules do exhibit phosphorescence. Such 

an environment is created by the techniques of matrix isolation. 

Three commonly used systems involve (a) isolating the molecules 

(dilute solutions) in a rigid glass at 77 °K. Typical glasses such 

as those made with 3-methylpentane present a homogeneous 
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envirorun ent and do not absorb u. v. light < - 50, 000 cm - i. (b) Isolating 

the molecule (known as the guest) in a crystal of its completely deuterated 

isomer (known as the host). Such a system isolates the guest in a crystalline 

environment exactly the same as its own pure crystal environment yet is 

energetically independent of it. Such a system is known as an ideal mixed 

crystal. The lowest singlet (Si) and triplet (T 1) states of the guest are both 

lower in energy than the corresponding states of the host in a ideal mixed 

crystal. Thus, these states act as energy traps for host molecules excited 

respectively in the S1 and T 1 states. Though it is not possible to go deeper 

into the phenomenon of exciton (in this case, meaning electronic excitation) 

migration through crystals or the mechanism of trapping, it should be under­

stood that in these kinds of systems at low temperatures all emission occurs 

from the trap (the guest molecule). Spectral examples of these techniques 

are included in the text where specific systems are analyzed (Figures 15 and 21) . 

(c) Isolating the molecule within the crystal structure of noble gases. 

This technique not only isolates the molecules within a known 

environment (crystal field) but also (in the case of the heavier noble 

gases Kr - Xe) in an environment which enhances spin-orbit coupling 

(kisc S1 '"'"'"'> T 1). Thus, systems which fluoresce as well as 

phosphoresce in systems (a) and (b), only exhibit phosphorescence 

w1th this technique. 

Typically, phosphorescence is observed in the visible region 

of the spectrum and is long lived. The latter is a result of T p 

and is frequently used as a qualitative test for triplet emission. 
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4. 

A successful first order analysis of an electronic spectrum 

requires the determination of the symmetry and spin multiplicity of the 

excited state under investigation which is consistent with the known or 

assumed structure of the ground state. An analysis of this sort involves a 

thorough knowledge of the various selection rules and more than a 

passing familiarity with the theories of groups and molecular orbitals. 

Having character and direct product tables readily available is 

highly recommended. 

As will soon become c.lear, what the spectroscopist looks 

for in a given electronic transition is (1) the energy, (2) the 

intensity, and most importantly (3) the appearance of vibrational 

fine structure. Of these three, the vibronic analysis is the most 

challenging aspect of identifying the nature of the excited state. The 

following example details all the steps required in a first order 

analysis and preceeds a systematic investigation of specific molecular 

types. 

a. Sample Analysis and Notation 

One very real problem encountered by practicing spectro­

scopists is how to best ·communicate the results of their work. 

This is particularly true with extensive investigations of transitions 

which have a rich vibronic structure. The need for clarity and the 

demand for brevity are typical pressures. It appears to this author 

that the challenge of explaining lengthy and complicated vibronic 

transitions has been adequately met by the notation of Colloman, 
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ounn and Mills .
1 

To best explain this notation as well as present 

(1) Collomon, J. H., et al., Proc. Royal Soc., Vol. 259, 

pp. 499-532 (1966). 

the procedures of a first order analysis, a para-disubstituted benzene 

has been selected for a model. 

As with any analysis of an electronic spectrum, a certain 

amoWlt of preliminary work must be performed prior to attacking 

the problem. To begin, one must either know or assume a structure 

for the molecule in its ground state. In this case, p-C 6H4 X2 is 

asswned planar and therefore belongs to the D2h point group. 

Next, the molecule must be placed in a coordinate system 

keeping in mind any convention which may have already been 

established. 2 Such a convention exists for molecules of this type; 

(2) Joint Commission of Spectroscopy, J. Chem. Phys. 23, 
"""'""" 

1997 (1955). 

it is illustrated below. 

z 
t. 
F 

H 

H 

X F 
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Following this, one must determine the number and symmetry of 

the (3n - 6) normal vibrations which are consistent with the 

coordinate system. Thus, there are 30 normal modes which divide 

themselves into the following representations. 

By one manner or another, it is then required to have the 

molecular orbital description (i.e., the electron configuration) and 

to determine the symmetry and spin multiplicity of the relevant 

stationary electronic states. For the sake of this example, only 

the ground and first excited states are needed. 

The ground state electron configuration, including only those 

orbitals derived from the p-C6H4~ 1T and 'IT* molecular orbitals, is 
2 2 2 0 0 

.... (b3u) (big) (bzg) (~) (b3u) . 

The first excited state configuration is given by 
1 1 0 

· · · (b2g) (~) (b3u) · 

These configurations define a 1Ag ground state and both 
1
B2u 

and 3B2u excited states. Only the spin-allowed, .1.M = 0, transition 

(1B2u - 1Ag) will be discussed. 

With the above information, it can be determined which 

vibronic transitions are allowed. This is done by investigating the 

appropriate transition moment integral and testing all vibrational 

symmetries. The transformational properties of the dipole moment 

operator it are given in the included character table. 
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~"-!_1: --~'(') ~,(~'- --~'-(') ___ ~~~~)- · _·_':~_• (1 ... ,_.f-------
1 I I :r =. 117. I: 

A, I I I I 

··I -1 R, ZJI 

I -1 I H, ... 
- I II r 11r 

.'f1, I - l -I 
I',, I I -I I ··I -1 
n~ .. 

I 
-! - · l -I 

. I" I I -I - l 
Tl,,, - I --1 -l -I 

-l -I 

1 
H,. -I 1 -I -I H,. ··1 -1 -1 

-1 1 II 
1 -1 z 

As ii. - b1u(z), b2u(y) and b3u(x), only the ag, b 1g and b3g vibrational 

modes can serve as vibronic origins, as shown in table III below. There 

are 6ag, lb 1g and 5b2 g vibrational modes in the molecule. One should 

always bear in mind, however, that "allowedness" predicted by the selection 

rules does not necessarily mean the transition will occur with sufficient 

intensity to be observed. It is usually found that only one or two vibronic 

origins are seen in absorption e~eriments;. 
Me's'v'esv ex: f-oo 1/le's'l/lv' µ 1/lesl/lvdT 

Table III 

1/1, ' a) l/le' 1/le' l/lv' 
... 

'11el/lv Mmn µ v 

b3U { b,g 
ag B2U b2U b2u ag = ag 

b1u ..... l:l Jg 

b3U rg big B2U b3U b2U ag = big 
blU b2g 

bJu r·g b2g B2U au b2U ag = b2g 

b1u big 

b3U {b•g 
b3g B2U biu b2U a = b3g g 

biu ag 

a) None of the u levels were tested as they 

are all parity forbidden. 

allowed y polarized 

allowed x polarized 

allowed z polarized 
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Table Ill asswnes that the most intense bands in the absorption 

spectrwn will originate from the zero vibrational level of the ground 

state. This level is totally symmetric. 

In addition, it can be readily seen that any u subscripted vibra­

tion in t14,, would make all symmetries in Me's' v' esv u subscripted. 

The symmetry ~ differs from that of ag by what is called parity. 

Transition moments with ~ symmetry are orbitally forbidden and are 

sometimes given the special name parity forbidden. 

Vibronic transitions which occur as a result of a totally sym­

metric vibration adding in multiples to a vibronic origin are called 

progressions. When such a progression is observed the totally sym­

metric vibrational is termed a progression forming mode. 

Sufficient background has now been established to proceed with 

the notation which will be used to analyze a real spectrum. To begin 

with, the heart of the notation requires that each vibrational mode be 

nwnbered. One way is as good as another, but be as systematic as 

possible. As a concrete example, consider the numbering system 

in table IV used for p-C6 F2H4 • Note we have violated the vibrational 

numbering rules established in a previous chapter. This was done to 

yield a more symmetric table. 
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Table IV 

- -1 - .-1 -1 
symmetry * v cm # ll cm symmetry # 11 cm symmetry 

1 451 11 427 21 737 

2 858 12 635 22 1012 

3 1142 13 1285 b3g 23 1212 b1u 

4 1245 
ag 

14 1617 24 1511 

5 1617 15 3084 25 3050 

6 3084 16 406} 26 350 

7 800 big 17 943 3.u 27 1085 

8 375} 18 163} 28 1285 bzu 

9 692 bzg 19 509 b3u 29 1437 

10 928 20 833 30 3080 

Both the notation v 1 and Q1 may be seen in the literature as 

signifying the 451 cm -i vibration with ag symmetry. v1 refers to 

the first energy, Q1 the first normal coordinate. They both identify 

the same vibrational mode. This notation identifies the mode 

simply by using the number 1. Similarly, the number 29 refers to 

1 
-1 

the b2u mode with energy 437 cm . These numbers are bases 

upon which the rest of the notation is built. 
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Subscripts and superscripts are used to denote the value of 

the vibrational quantwn number v of the particular vibration in the 

ground and excited electronic states respectively. Recall that the 

vibrational quantwn nwnber for all vibrational modes in the zeroth 

level is zero. 

Using the notation, the transition 1~, as applied to the 1 Ag -
1B2u spectrwn, indicates a transition from the zero point level in the 

ground state (v = 0) to the fundamental level (v = 1) of 111 in the 1B2u 

electronic state. It should appear at an energy somewhat less than 

451 cm -i above the 0-0 transition, as discussed previously. 

The notation 1~ indicates an electronic transition in a molecule, 

which is already vibrating at the fundamental energy (v = 1) of v1 in the 

ground state, to the v = 1 level in the iB2u state. Transitions of this 

type are in general at lower energy than the 0-0 as vi is usually 

greater than iii_ (where vi is the energy of mode (i) in the excited 

electronic state). 

The selection rules predict that the (big) mode vf (800 cm -
1

) 

can serve as a vibronic origin. The notation for such a transition is 

7~. A progression in this mode with the (ag) vibration v'1 would be: 

7~ ; 1~ 7:; 1~ 7;; 1: 7: etc. They would occur at approximately 800 cm - 1
, 

-1 -1 -i 
1251 cm , 1702 cm , 2153 cm above the 0-0 transition and all have the 

symmetry (a~ig> = big· 

A complicating factor that is included only for completeness 

is the possibility of combination bands which have the proper symmetry 

to give a non-zero transition moment. For example, a combination band 

involving one quantum excitations of v'11 (427 cm .. 
1

) and v~ (375 cm-
1

) 

would be noted as 8~ 110
1 and appear at approximately 802 cm - i above 
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the 0-0. Its symmetry is (b2 g)(b3g) =big· Transitions of this type are 

rarely seen in electronic absorption spectra as opposed to their frequent 

observance in infrared spectra. 

A "hot" band" transition involving the same two modes could be 

8~ 110
1 and could appear (weak) at 42 cm -i above the 0-0. 

The following diagram illustrates the previous examples. Hot 

band transitions are marked with an asterisk. 

* * 

_ _,,,,Jl......,..--...-~-r--~~--,--;::-,-~1A 
-L---..Llo1=------,.---".':T"----:-;1~1- 12 71 3 81 111 80 111 g 0-0 7 0 10 7 0 o o lo 7 o o o i o 

Figure 10 illustrates a moderate resolution spectrum of p-C 6 F2H4 

in the vapor phase. The predominant features of the spectrum are 

identified with Collomon's notation. To first order, only these tran­

sitions need be assigned as they will either confirm or deny the 

original assumptions about molecular structure. 

The strongest and lowest energy transition is assigned as the 

0-0 [Ag(ag) - B2u(ag) ]; it is fully allowed. The weak band to low 

energy of the 0-0 is assignable as a hot band. The energy separation 

of 858 cm -i identifies the ground state origin as 2~. Similarly 

allowed is the progression involving v; and the spectral origin, the 
l 4 

0-0. Four members of this progression, 20 - 20 , are identified; 

the observed energy separation (814 cm -
1

) and intensity relative to 

the 0-0 rule out any other possibilities. Combination bands such as 
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.::===~~~~~-:=~~~--: ~2-~ . . ~i; :~ :·1 

·---~=--=.~~~::=:= ~j:_?: :6.~; ·.:::. 

Figure 10 

... l -= -· ·- - -­
.. - ··-··· --­
.... -- ----

.. ~ ·--·-· -
~ 1 -~ 
,. :~·· .: . 

H 

H ~ H 

F 

ii;= 814 cm- 1 (a ) g 
.... , -1 
v11 = 402 cm (b:ig) 

ii{3 = 1268 cm-
1 (b~) 
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. 1 1 2 
190 260 (b3u x b2u = b1g) and overtones such as 110 (b3g x b3g = ag) 

could have energies in this region but are expected to be much weaker than 

true vibronic origins or the first few members of aprogressioninvolvingv: orv~. 

The (b3g) vibronic origins 11~ and 13~ are assignable again from energy 

and intensity considerations. They each are found to form a progression 

with v~. The totally symmetric mode v~ has thus been established as the 

major (if not the ohly) progression forming mode. 

The above assignments are consistent with the assumed planar 

structure and are reasonable with regard to relative intensities. 

They are not, however, unique. Additional spectroscopic data are 

needed to verify some of the assignments. Polarization studies of 
-1 

pure crystalline material, for example, establish that the 402 cm 

band is plane (yz) polarized. It can not therefore be due to the 

transition 1~. This transition is perpendicularly polarized (x). The 

absence of the vibronic origin 7~ (b1g) or any progressions involving 

v: (ag) is accountable in terms of small Franck-Condon factors. 

b. Small Molecules 

The electronic spectra of small molecules can be either 

extremely easy or extremely difficult to interpret. The complexity 

depends on the number of low energy excited states and the extent 

of the investigation into the vacuum ultraviolet. In the simple first 

order analysis, therefore, no attempt to analyze bands beyond 
_1 

50, 000 cm will be made unless a particular system warrants the 

effort. As a result of this restriction, only a few well chosen 

examples will be discussed. 
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Example--H2 

The absorption spectrum of H2 can be completely 

predicted (or rationalized) from the state diagram illustrated 

in Figure 6. The transition 
1 ~; -

1 ~~ is both spin and orbitally 

allowed. It is observed as a very broad band with horrendous 
-1 

rotational fine structure and a maximum at ~ 100, 000 cm . 

Example--N2 and 0 2 

Both N2 and 0 2 (as do most diatomic molecules) contain a 
-1 

number of stationary states beyond ~ 50, 000 cm . As a result, 

spectroscopic investigation of any other molecule beyond that energy 

must be carried out in the absence of air. This means the entire 

optical system must be evacuated (spectrometer included). Hence, 
_1 

the term vacuum ultraviolet is applied to light above ~ 50, 000 cm . 

The analysis of homonuclear diatomic molecules, such as N2 

-1 . 
and 02' below 50, 000 cm can be accomplished almost as fast as 

a pen will write. Figures lla and llb illustrate the appropriate 

molecular orbital descriptions of these systems. The only task 

is to fill in the electrons and determine the resultant states. 

Nitrogen has 14 electrons and, therefore, fills Figure lla up 

to the 3a; level. The lowest energy excited state involves the 

promotion of a 3a; electron up to the antibonding 11Tg orbital. 

Oxygen contains 16 electrons and fills Figure llb up to the 

111' level. There are, however, two remaining electrons which in 
u 

the ground state necessarily occupy the doubly-degenerate and anti-

bonding ·17Tg orbital. The lowest energy excited state involves 
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Molecular Orbitals of Homonuclear Diatomics 

Figure lla Figure llb 

02 

promoting a bonding 11T u electron up to the partially filled antibonding 

11T g level. 

Below are two electronic state diagrams constructed from the 

above information and Hund's rules; namely, the state with greater 

multiplicity lies lowest in energy, and if more than one state with 

the same multiplicity exists, the state with largest orbital angular 

momentum lies lowest (i.e., 3 1 1 1 1 
:E < :E; A < Il < E). The orbital 

angular momentum of states of linear molecules increases in the 

order E < II < A < ~' etc. 
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In Dooh' P. transforms as a~ and 1T u and the analysis of the 
-1 -1 

above spectra between 6000 cm and 50, 000 cm proceeds as 

follows. The 
1~~ -

11\; transition in N2 is observed both in 
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absorption and emission. It is orbitally-forbidden and spin-allowed. 
-1 

It occurs outside our region of interest at 69, 000 cm . The spin 

forbidden transition is not observed. 

The ground state electron configuration for 0 2 is both orbitally 

and spin-degenerate. As a result, more than one electronic state 

is obtained from the configuration. The symmetry and spin-multiplicity 

of the resulting states were given as a special case earlier 

The relative energies of the 3 l;;, 
1 ~g and 

1 ~; states with 
2 

respect to the (17Tg) orbital energy were determined from considera-

tions of the spectral results and the principle of energy conservation. 

The two low energy absorption bands in 0 2 surely arise from 
3 - l 

the transitions labeled (a) and (b). Even though the l;g - ag and 
3~- -

1~- are both spin and orbitally-forbidden, they are observed g g . 

in simple gas phase experiments (the 
3 ~; - .

1

~; is seen in ~ 2 

meters of air). The fact that these states all arise from the same 

electron configuration is (in a complex way) a significant perturbation 

on the spin and orbital selection rules. As condensed phases also 

. tend to enhance spin-forbidden transitions, the light blue color of 

liquid 0 2 has (by some people) been attributed to the 
3 ~; -

1

~; 

transition. 
-1 

The 36, 000 cm band is seen both in absorption and emission 

(Herzberg bands). It has been assigned as the spin-allowed, orbitally­

forbidden transition 
3
l;; - 3~~ • It is not possible to distinguish 

between the 3 ~~ and 3~u states from this kind of first order 
I 

analysis, however. 

3 - 3 - ( The fully-allowed transition ~g - l;u known as the Schuman-

Runge bands) is easily assigned on the basis of intensity considerations. 
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-1 
It occurs at 49, 400 cm . Not shown in the state diagram for 0 2 is the 

11\i and 31\i states which arise from the excited electron configuration •• 

• • (111' ~1 (3a~)1 • The spin-allowed transition 3~~ -
3
Ilu is also expected 

-1 • 
in the > 50, 000 cm region. 

+ Example-- CO and CO 

Carbon monoxide and the carbon monoxide cation have the ground 

. ( +)2 ( +)1 state electron configurations. • • • • 5a and • . • • • 5a , respectively. 

See Figure 12. 

State Diagram CO M. O. Diagram State Diagram CO+ 

E 

0 to- ... 

0 0 ~11' 
• • • ( '{,. ".J '(I 1r/'rs ,.· "">'- I~+ 

0 5,.+ 

0 0 11'r 
,.,,.. 0 .,,... 

,..,,. 
••• (S'o-.,.J'<~ 'fr)',.. .... 

~ ,,_ -- .,, .... ......:.::....--- 0 '""+ 
• • • (lfrf (Sr •)A ~11" 

' 
-0 .&r• 

. ~)~ '1"+ 
• • • ( t;'r - - - - --- A .... c. 0 ,, .. --J' .t l: + ... (J"cr - - - -

t.tk 

Figure 12. Heteronuclear Diatomics 
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The state diagrams were constructed and found reasonable by 

inspection of Figure 12 and the spectral results after noting that (i 

transforms as a+ and TT in C The analysis goes as follows: oov 

The carbon monoxide spectrum shows three very strong 

bands in both absorption and emission. They occur at 64, 746 cm -I 
-1 -1 

86, 917 cm and 91, 920 cm . These transitions are assumed to 

be both spin and orbitally-allowed. 

The relative energy separations between the molecular orbitals 

in a general diagram for heteronuclear diatomics can usually be 

adapted to fit any such molecule. Figure 12 is seen to be applicable 

as it stands with no ambiguities for the lower energy transitions 

(a and b). The assignment of the highest energy transition (c) is 

not quite so straightforward. There are two singlet states expected 

in this energy region; the 
1
2;+, which is derived from the 

•.. (5a+)
1
(21T)

0 
(6<7+)

1 
configuration (Fig. 12), and the 1iJ which is 

derived from the configuration ... (4<7+) \111 )\sa+)\211)
1

• Both 

transitions 
1

~+ -
1
2;+ and 

1
2;+ -

1
Il are fully allowed. The correct 

assignment depends on the relative energies of the (4a+) and (6a+). 

orbitals. Without the aid of detailed calculations or polarization 

experiments, no definite assignment is possible. The transition 

is assumed 
1
2;+ -

1 ~+ with the 1
2:+ -

1Il attributed to the uncon-
_1 

firmed band observed at 99, 730 cm . 

{ 

-1 
64, 746 cm 

Carbon Monoxide 86, 917 cm •
1 

-1 
91, 920 cm 
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The spectrum of the carbonyl cation can be seen in the 

emission of flames containing CO. The technique involves ionizing 

a neutral molecule in an oxyhydrogen flame, thus generating ionic 

cn;>ecies in highly excited electronic states. These excited species 

usually emit this excess energy and relax to their ground states. 

Three promiment emission lines are observed from co+. 
-1 -1 _1 

They occur at 20, 407 cm , 25, 225 cm and 45, 633 cm . As seen 

from the state diagram, two simple one electron excitations from, 

respectively, the filled (111') and (4a +) orbitals to the singly occupied 

(5a~ orbital can explain the observed bands. These two transitions 

are the lowest energy transitions possible if the m. o. diagram in 

Figure 12 is · again applicable. Assuming that it is, the analysis goes 

as follows: 

The strong emission lines are assumed spin-allowed. The 

orbital selection rules allow transitions from both l;+ and Il excited 

stat~ to the l;+ ground. state. 

where tPe's' is the excited electronic state wavefunction. 

Emission to the 
ground state is 
allowed 

Also 

Emission to the 
first excited state 
is allowed 

:t-
~+( CJ )Il = 1T + q+ 

1T -
+ 

and l;+( a )l;+ = 1T 

+ 
Il( (] )~+ = 'I = 

1T 

+ (} + /1 

(}+ + 'IT 
-

+ /1 
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Thus, the emission spectrum is assigned as follows. 

20, 407 cm -
1 2iI - 2

!;+ 

Carbonyl Cation 25, 225 cm -
1 2 :E+ - 2n 

45, 633 cm -
1 2 !;+ -

2
!;+ 

Problem 9. Determine the symmetries of the first two excited states 

of Li2 to which the spin-allowed and orbital-allowed 

transitions of 14, 020 cm -l and 20, 398 cm -l occur in 

absorption. Draw a state diagram showing these 

transitions. (Use Figure 6 of Chapter 3 for the 

molecular orbital diagram. ) 

E.xample--802 

The electron configuration and character table for a bent tri­

atomic molecule with c2v symmetry are shown below. The three 

normal modes of vibration consistent with the chosen coordinate 

system are illustrated in Figure 13. 

The gas phase spectrum of 802 contains three absorption bands. 

These bands appear between 3900 A - R: 3300 A; 3390 A - 2600 A 
and 2350 A - 1800 A with respectively very weak, moderate, and 

extremely large intensities. 
2 2 2 0 0 

The ground state electron configuration, ... (a2 ) (b2 ) (a1) (b1 ) (b2 ) , 

1 
defines a A1 ground state. The lowest energy excited state config-

uration is ..• (a:a)
2 (b1 )

2
(a1)

1
(b1)

1(b1 )
0

• This configuration defines 1B 1 

and 3B1 states. To first order, Hund's rules allow us to place 
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"o' '(f' 

z 

t 

"' 
s~y 

C2v E 

a, 1 

a2 1 

b1 1 

b2 1 

ground state* 
ns 

C2 (z) O'(xz) O'(yz) 

1 1 1 z 

1 -1 -1 

-1 1 -1 x 

-1 -1 1 y 

np valence shell 
x 

~2~2 0 0 
(a1) (b2 ) (a1) (b2) (b1) (a1) (a2) (b2) (a1) (b1 ) (b2 ) 

Figure 13 

No!mal modes of S02 

* The symmetry of the required molecular 

orbitals was obtained using the coordinate 

system of Figure 13. 

the triplet state below the singlet and assign the first two transitions, 

in accord with the observed intensities, as 

1 3 .i 
A 1 - B 1 (3900 - 3300A); 

The vibrational and rotational analyses of these absorption 

systems, which under high resolution show considera.Ple fine struc­

ture, * verify these assignments. Figure 14 is a low resolution 

* See if desired: Metropolis, Phys. Rev. 60, 295 (1941); Merer., ,,..,,... 

Disc. Far. Soc. 35, 127 (1963); Mielsen, et al., J. Chem. Phys. 
"'""" 

21, 2178 
"'""" 

(1953); Mettee, H. D., J. Chem. Phys. 49, 1784-1793 ..,...,.... 

(1968). 
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iA - iB 1 1 

I 
. 2600 ~000 3000 

WAVELENGTH (/\0 ) 

3200 

Figure 14 

spectrum illustrating the vibrational fine structure of the 1A1 -
1B1 

transition. 

The absence of any vibronic transitions involving one quantum 

of v3(b2) either in absorption (3~) or emission (3~) is strong 

evidence in favor of the first two assignments. 

(B1)(a1) r::}A1)(a1) 

1 21 = a1 + ~+bl allowed 0-0; 10 and 0 

(B
1
)(b,) [::}A1)(a1 ) = b2 + b1 + a2 for bidden 3~ and 3~ 

Figure 15 illustrates the phosphorescence spectrum of 802 in a SF6 

matrix at 4 °K. Though matrix isolation was not required to observe 

phosphorescence in this particular system, the SF6 matrix spectrum 
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0-0 

1----- - ·- -.,.-- ·· - ··---
380 CP 420<> 4600 

Wavelength (A) 

Figure 15 

Phosphores~ce of 802 in . SF6 matrix* 

is almost superimposable on the vapor phase spectrum presented 

in Mettee's paper. 

Without a detailed knowledge of the relative energies of the 

molecular orbitals, the following excited states are possible for 

the third absorption system. 

----------- -- ···- --- -

* Spectrum from "Low Temperature Spectroscopy" by B. Meyer, 

Elsevier, 1971. 
·-----
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Any one of the three spin-allowed transitions might be lowest 

m energy. It is suspected that the 2350 - 1800.A system contains 

at least two overlapping transitions. 

Problem 10. Using the transition moment integral, show how a 

polarized light absorption experiment on crystalline 

S02 might help resolve the identification of the third 

system. 

c. Big Molecules 

From the standpoint of electronic spectroscopy, any molecule 

containing more than t:w&,electrons is a big molecule. This fact 

was ignored, however, ana molecules other than H2 were treated 

in Section 4b. As a result, in order to perform a first order 

analysis, it was found that one must restrict the investigations to 

specific spectral regions and particular molecules. The inclusion 

of a triatomic was quite bold. As is now obvious, the complexity 

of spectra increase exponentially as one deals with more and more 

atoms. There are, however, great simplifications which can be 

made with polyatomic molecules that make a first o'rder analysis 

relatively easy yet meaningful. For example, consider the following 

general types of polyatomics: 

1. Saturated hydrocarbons 

2. Unsaturated compounds 

' "' ~C=O a. ,C=C,, , 

b. aromatic 

3. Transition metal complexes 
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1. Saturated hydrocarbons. The electronic spectrum of 

.methane, CH4 , contains (in first order) only one broad absorption 
-1 band above ~ 67, 000 cm . This very high energy band is typical 

of all molecules consisting of only carbon-hydrogen sigma bonds. 

The molecular orbital diagram for CH4 (a Td point group molecule) 

is shown in Figure 16a (note that x, y, and z are degenerate in T d; 

they transform as t2). 

0002~ 
/ ' } " \ / Q ' a* (antibonding) 

/ / I ,3al\\ 
2 p x' Py' p z / /" ' ' \ 

/ / 

r = ~ \ , ' '\. ls ( 4) 
2pxyzs \ / 

2 /'', //1 r1s=a1+~ 
-r-2s_=_a_1--, ' / /1 

-:: sT 
................ 2 

' \ /I 

', \®®®1~/} . 
' &i"\ / <J (bonding) 
' ~ -----'2a

1 

... _ 

6 iA ls @ la1 
••• (1~) 1 ------ -----

c CH4 
4H Configurations States 

Figure 16a Figure 16b 

The fully-allowed transition 
1
A1 -

1T2 (Figure 16b) is assigned 

to the high energy band. 
5 1 

(Note (t2) = @$<!> is treated as (t2) 

3 
just as (11') = ®<D 1 

was treated as (7r) • ] In general, any a - <J * 
transition will be well into the vacuum ultraviolet region. 
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2. Unsaturated compounds. The most significant difference 

between the electronic spectra of unsaturated and saturated compounds 

is the appearance of a strong band in the lower-vacuum ultraviolet 

(olefins, etc.) or many weak to strong bands in the visible to low­

vacuum ultraviolet region (aromatic molecules and molecules containing 

double bonded heteroatoms). The multitude of spectral bands in aromatic 

molecules arise from orbital degeneracies in the excited state electron· 

configurations; and in molecules containing double bonded heteroatoms 

from the existence of non-bonding electrons. 

The electronic spectra of ethylene and formaldehyde are shown 

in figures 17a and 17b, below their respective molecular orbital and 

state diagrams. 'Dll.e symbols in parentheses indicate with 

what type of bond the spErcific orbital is involved. 

The ground and first excited electron configurations of ethylene 
1 1, 3 

define Ag and B3u electronic states, respectively. Both the spin-

forbidden (a) and spin-allowed (b) transitions are observed with 

appropriate intensities. This type of excitation is called 1T - 11* 

for obvious reasons and is, in general, always lower in energy 

than any a - a* excitation. 

The existence of non-bondi~ electrons (n) in unsaturated com­

pounds will usually always result in an allowed mid-to-high ultraviolet 

absorption in addition to the band associated with the 11 - 71'* transition. 

Consequently, wisaturated polyatomic molecules containing hetero­

atoms like oxygen and nitrogen yield complicated spectra. 

Inspection of Figure 17b reveals that the space between the 

7T and 11* orbitals, representative of any double bond, is intruded 

upon by the non-bonding orbital. The obvious result is that n - 'TT* 
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transitions are, in general, always to lower energy than the 1T - TT*. 

The ground and first three excited states of formaldehyde are 

-diagrammed in Figure 17b. The spin-orbit and orbit only forbidden 

transitions (a) and (b) are observed with e: = 10-
3 

and 10
1
, respec­

tively. They result from the n - TT* excitation. The fully-allowed 

n - a* (c) and '1T - 11'* (d) transitions occur with E > 10
4

• 

The typical 11 - 11 * transitions of unsaturated hydrocarbons like 

ethylene and butadiene are much :rr.ore complex than is indicated in fi gure 

l 7a. Hence one must always bear in mind that an analysis of a spectrum is 

only as good as the spectrwn itself. A low resolution spectrum necessarily 

leads to a low order interpretation. Figure 18, which illustrates a low 

resolution spectrwn of b& zene (C6H6 --planar D6h molecule)) presents a 

convenient example of this point. 

I 

4 

I 
3 I + 

I Photodl1aocl1tlon 
I 

I , 
I , 

Ryctbera aeries 
l 

... 
0 I 

-1 

-2 

-3 

1,500 2,000 2,500 3,500 
>.In A 

Figure 18. C6H6 Low Resolution* 

* Spectrum taken from "Molecular Spectroscopy" by G. M. Barrow, 

McGraw-Hill (1962). 
- ---· ··-· -~--------.---
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It has been shown that the molecular orbitals involved in 

describing the a and a* levels of hydrocarbons can, in general, be 

ignored in u. v. and low vacuum u. v. analyses. Therefore in the analysis 

of the benzene spectrum only the 1T orbitals need be considered .. The s~ Pz 

atomic orbitals form the basis for four molecular orbitals, two of 

which are degenerate. They are arranged in order of increasing 

energy by the general rule of thwnb- -the more nodes, the higher 

the energy. The following diagram contains only that part of the 

molecular orbital scheme of direct interest. 

0 ~g 

Q Q e2U (77*) 

® ® e1g (11) 

® ~u 

..... 
' SE SB SB / ...._ lU + 2U + lU ,, 

'--------,,_ - - ? 
' ' ... 

Molecular Orbital and State Diagrams for C6H8 

The molecular orbital and state diagram above is much more 

complicated than the one obtained in the p-C6H4~ . example. The 

reason this is so stems from orbital degeneracies which exis~ for 

molecules in the higher point groups. The added complexity does not 

alter the basic approach however. 

In the attempt to determine the symmetry of the first four 

transitions observed in the absorption spectrum illustrated in figure 
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18, three criteria are used. They are intensity, energy, and 

vibronic structure. The four transitions have their origins at approxi­

mately the values 3370 A, 2600 A, 2000 A and 1800 A. To begin, we 

inspect the transition movement integral for each possible transition. 

The dipole moment operator in D6h transforms as 3zu(z) and e 1u(x, y). 

--

Thus, the orbital selec~ion rule predicts that of the six excited 

states generated from this one electron excitation, only transitions to 

the E1u states are allowed. Next, using the spin selection rule, it is 

found that only transitions to the three singlet states are spin allowed, 

and therefore can be expected with extinction coefficients in the range 
5 

E = 1 - 10 . 

The analysis of the low resolution spectrwn of benzene from 

the above data is: 

(a) The absorption bands originating at 26()0, 2000, and 1800 

A represent transitions to the three singlet states. 

(b) The most intense band in the spectrum originating at 

1800 A ( £ = 10
5

) is assigned as the fully-allowed 
1 
A1g - 1E1u transition. 
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(c) The least intense band in the spectrum originating at 

3370 A ( £ < 10·
2

) represents a spin forbidden transition 
1
A1g - 3X 

where the symmetry of the triplet state is unknown. 

It can not be determined from the spectrum in Figure 18 to 

which singlet state the 2600 A and 2000 'A bands correspond. These 

uncertainties, in addi.lidt to that involving the symmetry of the triplet 

state, are to be expected when analyzing low resolution spectra of 

complex molecules. To remove these uncertainties more information 

is required. In particular, it may be possible to determine the sym­

metry of the 2600 A state by a vibronic analysis of the apparently 

sharp fine structure which is observed. Similarly, the symmetry 

of the triplet state may be revealed through a vibronic analysis of the 

emission spectrum from that state. Thus, at least three more 

experiments are required to complete the analysis of the four bands 

observed in the C6ffe spectrwn. 

Figures 19 and 20 represent moderate resolution spectra of the 

2600 A and 2000 'A bands in g?-seous C6H6 • In order to begin a vibronic 

analysis of these spectra,however, the orbital selection rules for the 
1 1 l 1 
A1g - B1u and A1g - B2 u transitions must be reinspected, and data 

on the ground state vibrational frequencies must be obtained. Table 

V contains the required information on the vibrational modes. 
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Table V 

Vibrational 
-1 

Frequency(cm ) 
Nwnber Gas Liquid 

1 995.4 (993) 

2 (3073) (3062) 

3 (1350) 1346 

4 (707) (707) 

5 (990) (991) 

6 606 (606) 

7 (3056) (3048) 

8 (1590) 1586 

9 (1178) 1177 

10 (846) 850 

11 674 675 

12 (1010) 1010 

13 (3957) (3048) 

14 (1309) 1309 

15 (1146) 1146 

16 398.6 404 

17 967 969 

18 1037 1035 

19 1482 1479 

20 3047 3036 

Values in parentheses are calculated from a full normal coordinate 

analysis. 
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Figure 19. C6H6 Vapor Phase 
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Figure 20. CJl6 Vapor Phase 

2100A 
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As derived previously in the expressions for the transition 

moments, transitions to or from (hot band) an e2 vibrational level 
- -- g 

will be orbitally allowed when the excited state has B1u or B2u sym-

metry. Therefore, the identification of such a vibronic transition in 

either spectrwn will not help determine the !=>Ymmetry of the electronic 

state. The identification of a vibronic transition involving a b2 g vibra­

tion (v4 or i/5), however, will establish the symmetry of the 1B1u state. 

No such direct confirmation of the 1B2u state is possible as C6 H6 does 

not contain vibrations with b 1g symmetry (see Table V). 

The vibronic analysis of the spectrum shown in Figure 19, 

as performed here, follows a generalized procedure that is quite 

successful for spectra of aromatic molecules in the vapor phase. The 

procedure relies on the following general observations: If the electronic 

transition is orbitally allowed, the strongest absorption band of 

lowest energy is assigned as the 0-0. This band will usually be 

followed at still lower energies by a series of much weaker bands 

whose intensity can be correlated to a Boltzmarm factor for a series of 

ground state vibrational levels. · The difference in energy between any 

one of these "hot bands" and the spectral origin (the 0-0) will equal 

the energy of the corresponding vibrational level in the ground state 

and can be found by inspection of a table similar to Table V. Upon 

locating the 0-0 band and assigning one or more of the "hot bands, " 

the stronger transitions to higher energy are inspected. It is 

generally observed that those modes active in the hot band spectrum 

also serve as strong vibronic origins in the upper state as well. 
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This observation provides an important key to solving for the 

energies of the molecular vibrations in the excited state. These 

generalizations in addition to others have all been illustrated in the 

sample analysis of p-C6H4 F2 • 

The analysis of an electronic spectrum based on a forbidden 

transition like 1A1 g-
1
B2u in C6H6 is quite similar to the analysis 

above. The one important difference is that the spectral origin, 

the 0-0 band, is not present in the spectrum nor are progressions 

involving one or more totally symmetric modes built upon the 0-0 

observed. In these cases the strongest band of lowest energy corres­

ponds to one of the allowed vibronic origins. Which vibration in the 

excited state is responsible for the band is unknown. 

The analysis of the 2600 A band relies on the fact that the 
-1 

small band at 37, 483 cm has a large temperature dependence and 

is certainly a "hot band." It corresponds to a transition from a 

ground state vibration vx which is unknown at this time. The first 

strong bond in the spectrum which is found at 38, 611 cm -l is taken 

as representing a transition to vx in the excited state denoted as vx'. 
, 

The energy of this band equals the energy of 11 plus the zero point x 
energy of the electronic state. The energy of the hot band equals the 

same zero point energy less the energy of ~· 

11 -1 -1 - - -1 Thus, 38, 6 cm - 37,473 cm = v' + v = 1128 cm . x x 

These transitions are illustrated in the following diagram: 
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It is assumed that C6H6 does not undergo large distortions in the 

excited state and correspondingly 11.;, is probably no lower in energy 

than 30% of 11x. This energy difference is due to changes in the vibra­

tional force constants in the excited state. Inspection of the possible 

;;x values given in Table V indicates v6 , the lowest energy e2 g vibra­

tion, is the most likely candidate. Under this assumption this e2 g 

mode has the excited state energy 

-1 -1 -1 
1128 cm - 606 cm = 521 cm 

The spectral origin correspondingly lies at 

-1 -1 -1 
38, 611 cm - 521 cm = 38, 089 cm 0-0. 

The remaining gross features of the spectrum involve a totally 

symmetric mode (a1g) of 920 cm - 1 adding on in multiples to this 

vibronic origin denoted 6~. This symmetric mode can only reasonably 

correspond to the excited state analogue of v1 (995. 4 cm - 1
). The 

various members of the progression 6~ 1~ are observed to have an 

intensity pattern similar to what might be expected from the variation 

in the magnitude of the Franck-Condon factors associated with a 

symmetrically enlarged molec~le in the excited state. No vibronic 

transition associated with either b2 g mode could be found. Similarly 

in the fluorescence spectrum (not shown), notransitionsto 114 or il5 

have been observed. This sort of negative evidence does not prove 

the 2600 A band corresponds to the transition 
1
A1 -

1B2 but it is . g u 

encouraging. 
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With the aid of detailed calculations and the vibronic analysis 

of the 2000 A band, Figure 20, and higher resolution spectra, an 

unambiguous assigrunent of these two states was possible. The results 

obtained to this point are: 

2600 A 1 tB Aig zu 

2000 A. l 1 
A1g - B1u 

1aoo A 1 l 
A1g - E1u 

A vibronic analysis of the very weak absorption band assigned 

as 1 A1g - 3X in the low resolution gas phase spectrum will be approached 

differently. It is known that if the 3370 A.band indeed corresponds to a 

singlet-triplet transition and this triplet is the lowest energy state of 

that multiplicity in the manifold, then all phosphorescence will 

originate from this state. The origin of this emission should occur 

at 3370 A and the spectrum should develop to lower energies corres­

ponding to known growid state vibrational energies (see Jablonski 

diagram and Table V). The technique used in this example to observe 

the phosphorescence spectrum of benzene is known as the mixed 

crystal method. The host crystal is C6D6 • Therefore, it is an ideal 

mixed crystal as described earlier. A high resolution spectrum using 

this technique appears in figure 21a. 
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LlLI ........... ~~....._----
UIQ.ptl • .., •• 

.. r 

U,,.;v._~ .... 
Figure 2la 

Prior to an analysis of this spectrwn, however, a brief exµlanation 

of what can be expected from mixed crystal studies is in order. The 

first and perhaps most dramatic effect observed in spectra of pure 

and mixed crystals is a breakdown of the selection rules derived 

from the molecular symmetry group. This effect, sometimes known 

as the crystal field effect, results from the fact that the molecules 

are fixed in space within the crystal lattice and are subjected to the 

potential field exerted by the surroundings. These forces which hold 

the crystal together are treated as a perturbation on the various 

energy levels of the molecules within the crystal. They act on a 

point about which the molecule is situated. This point in the lattice 

is called a "site." Each site in the lattice is in a certain relation to 

all other sites in the lattice and correspondingly can be classified 



282 

with respect to this relationship. The classification is called the 

point symmetry and is defined by all operations of the space group, 

which leave the particular site self-coincident. The space group 

contains all the symmetry elements present in the crystalline lattice 

including . translations along the three crystallographic 

axes. Using the operations of the space group, one can generate the 

entire lattice starting at any point within the crystal. The sites 

within a crystal lattice are said to have a symmetry just as a molecule, 

which can also be considered as a collection of points, is said to have 

a symmetry. This symmetry defines a point group, and it is from 

this that the selection rules are derived. In a mixed crystal, there­

fore, the selection rules for spectroscopic activity are formulated on 

the basis of the symmetry of the site where the guest molecules 

reside in the host crystal and the molecular symmetry is ignored. 

(Additional selection rules much too involved to be adequately dis­

cussed here and which in addition to the above, contribute to the 

splittings observed in pure crystal spectra will not be discussed.) 

The emission spectrum shown in figure 21a represents 

phosphorescence from C6H6 molecules imbedded in a crystal of C6D6 

at 4°K. The C6H6 molecules reside at sites with Ci symmetry. Thus 

all selection rules derived for the benzene emission must be formu-

lated on the basis of the operations in the Ci point group. This 

procedui;e involves reclassifying all electronic and vibrational states 

into either ag or ~ symmetry representations, using the same group 

theoretical methods used to derive the original classifications. The 
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result is all non-degenerate molecular states of gerade symmetry 

. transform as a.g states in the Ci point group and all degenerate gerade 

states transform as two non-degenerate a states. Similar results g . 

are obtained for corresponding ungerade molecular states. From the 

transition moment expression, it can be seen that in the mixed 

·crystal the electronic origin(0-0) 

as well as all gerade vibronic levels are dipole allowed transitions. 

Thus in the perturbed system we expect to observe the 0-0 as well as 

transitions to all vibrational levels ii'1 through ii'10 • Note, in addition, 

that the modes v6 through v10 will be split as they are no longer 

degenerate. The question naturally raised at this point is, if in this 

kind of experiment, all distinctionbetween B1u and B2u symmetries is 

lost in the selection rules; why run it? The answer is that in general 

the intensities of the various transitions continue to reflect a relation-

ship to the old selection rules. Namely if the emitting state was 

derived from the B1u class in the molecular point group, then it is 

very possible that the b2 g modes il4 and v5 will occur with much greater 

intensity than the other crystal induced transitions such as the 0-0 > 

3~ and 10~. 

The following table gives the energy difference (Av) between 

the first band in the spectrwn and the nine succeeding bands observed 

in figure 2la. This region of the spectrwn is enlarged in Fig. 21b. 
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Vibrational S~mmetr~ 

Energy(}V Av(cm - 1
) 

Relative 
Intensity Dah Ci Notation 

3370.79 0 m Biu "1 0-0 

3441.13 606.3 mw --- ag 
e2g 

41.49 609.4 mw --- ag 6y 

52. 85 704.9 m b2g ag 40 
1 

65.22 808.3 w 
/ag 

66.40 818.1 m 16° e2 g+a1g - ag 2 

67.45 826.8 w "-..a 
g 

71. 75 862.5 w . ./"ag 

72. 57 869.3 vw 
eig ........_a 10° g 1 

87.25 990.5 m a1g ag 10 
1 

89.00 1004.9 s b2g ag 50 
1 

3500. 82 1101. 6 w 
---- ag 

01. 96 1110. 9 w 
~g 

---- ag 
110 16° 1 1 

09.97 1174.6 vs ~g ag 90 
1 

6: ce~~) q.~ ( b..5) ,,:ce.2~+ct,~) 
\
0

1 
(Q,~) 5~ (b1-j) 

q: (e2~) 
ii 7'1.' 

70'f. q ~ o~.:3 
01' S Ii· I \O~ (e,~) C\4i0. !> 100,., 't 11~1,,D (e;z.~) 

~ 1606.3 su.s 

I bQ'\,1#- l'°W""\ ~ ,2. !> 1t o I• 6 

LJ 
~,~.:.. 

11 •0·' 
~ 

,,-w"'\ • 
·~ -l 

IOOll 

33'0.7'3A )4~· ''oo! 

Fi3. 2.1 b. 

m =medium, w =weak 
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The transitions are assigned in comparison with the ground state 

vibrational frequencies found in Table V. Exact frequency correlations 

are not to be expected as the crystal field perturbation in addition to 

altering the selection rules also effects the energy of the various 

vibrational states. The magnitudes of the shift in vibrational fre­

quencies between the gas phase and solid phase is dependent upon the 

strength of the field interaction as well as on the nature of the vibrational 

function. In particu1ar, the out-of-plane vibrational modes(e
1 

and 
g 

b2 g), due to their larger average atomic displacements, are much more 

sensitive to the environment than the in-plane modes (a
1
g and e

2
g). 

The analysis of the first ten bands in the spectrum confirm 

all the previous generalizations and in the lowest approximation allows 

the symmetry of the triplet state to be assigned as B iu. From the 

assignment it is seen that the 0-0 and 1 ~ transitions are observed 

with medium intensity as a result of the crystal field perturbation. 

Similarly, 10~, the e1g mode, is observed very weakly and is split 

into two components. The e2 g origins 9~ and By (not in the table but it 

appears at 3561 !)carry the most intensity but are strongly rivaled by the 

b2 gmodes (in particular 5~). The intensity of 5~ and 4~ in the emission spectrurµ 

is convincing evidence that the electronic statehasB1u symmetry. The well­

resolved triplet assigned as 16~ is an overtone band. The symmetry of this mode 

is the symmetric product of the e2u vibration v16 • The resulting vibrational states 

obtained from this product in the D6h point group have e2 g and a 1g symmetry. The 

degeneracy of the ~g level is removed in the crystal and thus three states are 

generatedlall of ag symmetry. This transition is a classic example of the effects 

of a crystalline potential field on a molecular state. 
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It must be said that none of the above analyses present definitive proof 

of the assignments made. They do, however, present reasonable first order 

guesses . .Absolute certainty is rarely an experimental produd. 

Problem 11. The electronic spectrum of the lowest excited singlet 

state of p-C6H4 F2 is shown in Figure 10. The 

molecular point group is D2h and the symmetry of the 

excited state is 1B2u. Note that not only are the 

vibronic origins 13~ and 11~ (both b3g vibrational 

modes) observed, but also a totally symmetric mode 

2~. Why wasn't the totally symmetric mode [vi' (a1g) = 

920 cm -i) 1~ observed in the benzene 1A1g 
1
B2u 

spectrum, Figure 19? 

3. Transition metal complexes. In general, the electronic 

spectrum of a transition metal complex contains many broad absorp­

tion bands. These bands, however, usually fall into two distinct 

regions. These regions are the ultraviolet [::::::: 55, 000 cm - l - 25, 000 

cm -i (blue)] and the visible [::::::: 25, 000 cm -i - ::::::: 13, 000 cm -l (red)]. 

The bands which occur in these regions are described as due to 

charge transfer (ligand to metal) and "d-d" transitions, respectively. 

The mast common transition metal complexes occur as hexa­

coordinated ML6 ~ (octahedral) molecules. As a result, the 

molecular orbital scheme diagrammed in Figure 22 will suffice for 

our examples. 

The L - M charge transfer bands, in general, originate from 

the excitation of a a bonding electron (i.e., the trn, eg or a 1g elec­

tr(}ns) to one of the empty or partially filled non-bonding t2g 

or antibonding eg orbital. As can be seen in Figure 22, these 
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0 Q e (CT*) 
g 

QOO~g (n) 
r "d-d" 

L-+ M 

Figure 22. Molecular Orbitals for Oh (ML6 j Complex 

transitions will occur at higher energies than those between states 

originating from t2g - eg excitations. 

Transitions between states derived from the central metal "d" 

electrons (t2g - eg) are known as "d - d" transitions. They 

generally occur in the near infrared to visible regions of energy 

and will be dealt with exclusively. 

Among the simplest "d-d" spectra to analyze are those 

originating from d
1 

complexes such as [Ti(H20)6 r3
• The spectrum 

of hexaaquotitanium (III) has a single broad absorption band centered 

at ~ 20, 300 cm _i (blue-green). With the aid of Table VI, all required 

direct products are available to completely analyze this spectrum 

to first order. 
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Table VI 

Electronic configuration 

Free ion Ion subject to octa­
hedral symmetry 

(t2g)4 

(t2g)1 (eg)4 

(t2g)2 (eg)3 

(~g)s (eg)2 

Electronic states 
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The electron configurations corresponding to a one electron 

"d'.'"d'' excitation are diagrammed in Figure 23 along with the 

associated stationary states. 

-------
-1 . 

20, 300 cm = 6 0 directly 

••• (~g) 
1 

Figure 23. Electronic States of (Ti(H20)6t 8 

The band assignment 
2
T2g -

2
Eg is unambiguous and surely 

results in the redish color of the complex. Note the transition is 

spin-allowed and orbitally-forbidden. 

Since the integral does not contain a1g, it is orbitally forbidden; 

however, a1u differs only in parity from a 1g. This particular 

type of orbital forbiddenness is in general not too strict in the 

visible region of energies. 

The analysis of hexafluorotitanate (Ill) is exactly the same as 
2 2 -1 

above. The T2g - Eg transition occurs at ~ 18, 000 cm and is 

responsible for the violet color of the complex. 
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Tris (ethylenediamine) nickel (II), [Ni(en)3 ]+
2 contains eight "d" 

electrons. A low resolution spectrum of this complex is shown in Figure 

24. From a consideration of the intensity of these bands, each are 

assumed spin-allowed. The state diagram for a d8 system is given in 

Figure 25a and the three "d-d" transitions illustrated there adequately 

explain the spectrum. Notice that a two electron excitation [ (t2g)4 (eg)4
] 

is required to generate a third triplet state. This additional triplet is 

needed to account for the highest energy (30, 000 cm -i) spin-allowed 

transition. Although double excitations are fair game in the analyses of 

transition metal spectra, they are not important ~or organic systems. 

~ 
F4 
t 

l lPOO 18, 500 

cm- 1 

30,000 

FiV1tre 24. "d-d" Transitions of [ Ni(en)3 ] ~ 

Figure 25b is the state diagram for a d
2 

system in which again 

one and two electron excitations are considered. The three spin-allowed 

transitions illustrated in the figure are expected to be observed in the 

spectrum of any complex containing two "d" electrons. The spectrum of 

(V(H20)6 r 3 does in fact contain three bands which are assigned as follows: 

sT - sT s::: 17, 400 cm -l sT sT ::::: 25, 200 cm -l lg 2g lg - lg 

3 SA ll:I -1 
T •g -: zg 34, 500 cm 

The similarity in the spectra of d2 and d8 complexes is more than for-

tuitious. 
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' ' 3 
. T1g 

-l, ST 
~o ~ 11, 500 cm ~--- 2g 

•1 1 

(+ )a( )2 , 1-( .. A1g+ Eg ••• "2g eg , ,,, .. 

' ' ' 
',_ -- s~g 

Figure 25a. [ (Ni(en)3 ] +a d8 

291 

:ill! 1 

(t )o( )2 ,-.J A1g-t E • • • 2g eg , ,, ',. g 
' ' ' 

' ' ' 
/ 

1( 1 / 
••• (~g) eg) // 

. , ... ----­
' 
' 
' 

~0 ~17,900 cm 
'ri+-­-1 

••• (~g)2 

' ' ' ' ~-

The state diagram represented by Figure 25a is just the 

reverse of Figure 25b. In general, this is true for all dn and 

10 -n d systems. The inverse correlation exemplified in these 

state diagrams is a reflection of the formalism used when con­

figurations (t2g)
5 

and (t2g)
1 

or (eg)3 and (eg)1, etc. are equated. 



292 

The near infrared - visible spectrwn of the bright blue 

complex ( Cu(NH
3

) 6 t 2c1 2 should be a repeat of the [Ti(H20)6 t 3 spectrum. 

cu +2 is a d9 system and in octahedral coordination gives rise to 

a 2Eg ground state ( ... (t2g)6(eg) 3
) and a 

2
T 2g excited state ( ... (t2g)

5 

( eg)4 ). The spectrum of Cu(NH3) 6Cl2 as shown in Figure 26, 

however, is seen to contain at least two absorption bands. 

I I 
11, 200 16, 400 3 5, Joo cm-

1 

Figure 26 

This occurence, though it partially disrupts the correlation 

just established, is not completely unexpected. There exists a theorem 

known as the Jahn-Teller theorem which states that any system in a 

degenerate electronic state will be unstable and will strive to remove 

the degeneracy by lowering its symmetry through a distortion. Octa­

hedral complexes with d9 configurations typically distort through a 

lengthening of the axial bonds (z axis) and a shortening of the equitorial 

bonds (xy plane). Such a distortion is known as a tetragonal distortion 

and lowers the symmetry of the complex from Oh - D4h. The result 

is a stabilization of the ground state by removing the degeneracy of the 

eg orbital . The procedure used to generate the new electron configu­

ration shown in Figure 27 is similar to the process of descent symmetry 

used in Appendix A. The symmetries of the Cu "d" orbitals in the distorted 

complex are found by performing the operations of the D4h point group on 

each orbital. The new ground state electron configuration for [Cu(NH3 ) 6 t 2 

is . . . (eg)4 (b2g)2 (a1g)2 (b1g)1. 
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d ,.,.. ~~.{b1g) x2-y2; 3 ~-y2 ' .... ...... l (a1g) (big>] s (eg) --dz2 

d . 
xy' 

d . 
yz' 

dxz 

-...... -
6 

(t2g) / 
/ 
...... 

...... 

oh 

..... 
_, -.... - ._ a® (a1g> 

..... 

1L / ~ ~b2g> 
/ y ' 

/ ' / ' ' ... J <egHb2g> ]6 
/ 

/ .......... ® ~ / ...... _ 
')rz (eg) 

~z 
D411 Factored Oh 

Each level consists 
of two degenerate 
orbitals in oh field 

Figure 27. Jahn-Teller Distortion of Ground State d
9 

The appropriate electron excitations suggested by Figure 27 

result in the state diagrams pictured in Figure 28. The removal of 

the 2 Eg ground state orbital degeneracy is the driving force for the 

distortion. 

E 

••• (~g)s(eg)4_ 
• • • (eg)s(b1g)2(a1g)2(b1g)2 - - - - -----~- 4 1 2 · 2 

- - _..: •• (eg) (b2g) (a1g) (big> 

ao 
( eg)

4 (b2g)
2 
(a1g)_

1 
(b1g)

2 

/ 
/ 

•• • (~g)a(egt _ - - __._2_E_g_ 

aE ! oh ' ' ' .... (eg)
4
(b2g)

2
(a1g)

2
(b1g)

1 

- ·- -

I\ 

'" 

'" 

Figure 28. State Diagram for~ and D'11 Showing Ground State 
Stabilization (aE) of a Tetragonal Distortion 
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The spectrum is assigned as 

11, 200 cm 
-1 

. -1 
16, 400 cm 
(overlapping transitions) 

and 

The assumptions used in assigning the spectrumJand therefore in 

calculating ~0 , are quite straightforward and are discussed in the fol­

lowing reference: H. Elliot and B. S. Hathaway, "Inorganic Chemistry", 

Vol. 5, p. 885 (1966). This paper is rather typical and illustrates 

the use of various experimental techniques to establish a complete 

spectral analysis. 

Problem 12. Using Table I, determine the symmetry and spin multi­

plicity of the ground state in the following ML6 octahedral 

complexes. 

a) Fe(CN) 6-
3 

b) Cr(C0)6 

c) Cr(H20)~ 

(low spin) 

(low spin) 

(high spin) 

Problem 13. Determine the electron configuration and ground state 

term of high spin [ Mn(Hi0)6 ) +2. Write the lowest energy 

excited state electron configuration and the electronic 

states that arise from it. (Remember t.0 < electron 
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pairing energy here. ) Is the very pale pink color of the complex 

explainable in terms of the symmetry and spin multiplicity of the 

states obtained above? 

This concludes our plunge into electronic spectroscopy. It is 

hoped upon considering the rate of descent no one drowned and some 

understanding surfaced. 
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PART V 
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PROPOSITION I 

The Synthesis of a Two Dimensional Honeycomb Polymer 

It is proposed that through a multi-step copolymerjzation, a 

honeycomb siloxane sheet polymer can be synthesized. The physical 

and chemical properties of this novel type of polymer would be of vast 

interest, generally, and specifically for use as an extracorporal hemo­

dialysis membrane in the artificial kidney. 

Since about 1928 with the pioneering work of W. H. Carothers at 

du Pont, synthesis of macromolecular systems has surged forward at an 

amazing rate. The state of the art is far advanced both scientifically 

and industrially. It has been noted recently by T. L. Hill1 of Cambridge 

University, however, that a significant body of scientific knowledge con­

cerning two dimensional polymer products is absent from the literature. 

Polymers which flank two dimensional aggregates on both sides (linear 

and highly crosslinked moities) seem to have captured the undivided 

attention of all experimentally inclined polymer chemists. 

Proposition: The siloxane sheet polymer shown in Figure 1 can 

be synthesized in a stepwise reaction process. 

This polymer should be synthesized not only because it would be 

an interesting macromolecule in itself, but because, after suitable 

physical treatment, it should have all the properties desirable for use as 

a selective diffusion membrane. 
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Discussion of Applicability 

The initial interest in this type of molecule was a search for a 

novel polymer system suitable for use as an extracorporeal hemo­

dialysis membrane. It is my opinion that the honeycomb sheet polymer 

described here would be useful for this purpose when the system (mem­

brane plus dialasate) has been appropriately modified. One modification, 

which seems inevitable, is the inclusion of an anticoagulent such as 

heparin into the fluid prior to dialysis. This modification of the system 

will probably be required due to the expected charge separation in the 

molecule. It can be assumed that silicon, tetrahedrally bonded to four 

electronegative oxygen atoms, will attain a certain degree of positive 

character. The negative charge can be expected to stabilize in the 

aromatic system through resonance. The resulting charge separation 

can cause thrombosis (clot formation) during the dialysis procedure, a 

2-4 phenomenon observed by Sawyer, as red and white blood cells, 

fibrinogen, etc. carry a net negative charge at the normal pH of blood. 

As an alternative, a method of preparing nonthrombogenic surfaces, 

which has been utilized with colloidal graphite impregnated membranes, 
5 was developed by Gott. The method consists mainly of adsorbing 

heparin-benzalkonium chloride complex onto the membrane surface. 

This complex acts as a shield between the charge centers and does not 

involve dissolution of heparin into the liquid phase. 

Another modification, which may be required, involves the dif­

fusion characteristics of the membrane . The rate of transfer of whole 

blook through a polymer membrane is determined by solute-water 
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interactions (as in free diffusion), by reflection coefficients (which 

increase with the molecular weight of the solute) and the effective pore 

diameter of the sheet. The first two determinants are beyond experi-

mental control, the latter, however, is a readily accessible experimental 

variable. Variations in diffusion properties can be attained by the well 

established techniques of 'biaxial' and 'uniaxial' stretching . The former 

enlarges the effective pore diameter, the latter decreases it. These 

methods are used extensively with cellulose membranes, 6 a common 

dialysis material. 

Synthesis and Discussion 

The production of sheet polymers will require much more experi­

menter control over the polymerization process than is classically 

attained via modulation of reaction parameters such as temperature, 

concentration, etc. It is felt that in order to produce high purity (abso­

lutely essential for biomedical use) and reproducibly structured polymers, 

the polymerization reaction must be truncated at crucial points along the 

reaction pathway. This procedure will inhibit localized 'reaction run' 

aways' which often lead to crosslinking and amorphous products. 

With the above comments in mind, I suggest three alternative 

synthetic routes (listed in order of preference) for the production of a 

honeycomb siloxane sheet polymer. The structure depicted in Figure 1 

will hereafter be referred to as sheet polymer. 

Alternative I 

The following reaction scheme should be carried out in three 
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separate and distinct steps with isolation and purification of intermediates 

(A) and (B). 

1) 

2) 

3). 4 (B). + l 
p-Cll3C6H1+SO 3H 

C6lli:;-Cl Soln. 
heat 

Sheet 
Polymer 

The initial reaction (1) is a simple condensation of commercially 

available 1, 2, 4, 5-tetrahydroxybenzene with dichloromethyl-dichloro­

silane 7 yielding a cyclic intermediate with the evolution of HCl; a product 

easily removed at reduced pressure to drive the reaction to completion. 

The formation of cyclic products of this type has been investigated by 

J 
. 8 acov1c. 

Step (2) involves cleavage of the chloromethylene group from 

silicon and restoration of the intermediate's difunctionality. The halogen 

substitution on carbon prior to cleavage has been found necessary to 

enhance nucleophilic attack on silicon and diminish substitution on 
9-11 carbon. Removal of CH3Cl at reduced pressure will facilitate the 

conversion. 
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Step (3), a heterocopolymerization between planar di- and tri­

functional monomers, is the final step in the sheet producing synthesis 

and can be carried out at elevated temperatures while distilling off the 

ethanol. A similar acid catalyzed reaction has been studied by Sprung12 

and Krieble13 in which the cyclic product of Jacovic8 was isolated. The 

trifunctional hexahydroxybenzene monomer used here can be prepared 

in good yields by the method of Posternak14 from commercially available 

1,2,4,5-tetrahydroxy-p-benzoquinone . 

A possible side reaction leading to unwanted linear segments in 

the product, involves attack on the hexahydroxylic monomer by two (B) 

monomers, as shown, followed by rapid chain extension thus rigidifying 

the link. 

The resulting linear bridge, if propagated, would destroy the honeycomb 

lattice and must be avoided. Even if the link is not propagated, it would 

introduce unwanted residual functionality. It seems reasonable, that 

from mere energy considerations and with excess (B) monomer in dilute 

solutions, the chain extending rate can be inhibited to an extent such 

that, subsequent to attack by a third (B) monomer, rearrangement of 

one Si-0 bond would occur. The energy required to break one Si-0 bond, 

prior to its reformation on the adjacent phenolic oxygen, is more than 

paid for by the gain in energy obtained from making a new Si-0 bond and 

expelling ethanol. 
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Alternative II 

As in Alternative I, this reaction scheme should be carried out 

stepwise. 

(C) 

(D) 

3). lt (D) + l nWn 
Hif~1tm 

Sheet polymer + HI 
heat 

This procedure has the advantage that all starting materials are 

commercially available. Reaction (2) is reported to proceed in good 

yields by Eaborn15 and involves electrophilic attack by 1+ on carbon with 

An; assisting in the I2 ionization. Step (3) is suspected to occur very 

rapidly due to the high reactivity of the Si-I bond to nucleophilic attack.16 

This rapid reaction may lead to a significant degree of linearization as 

discussed in Alternative I. 

Alternative III 

As in Alternatives I and II, this reaction scheme should be 

carried out stepwise. 
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H~ll C6H6 1"2Si~Si1~2 1) 2 F2SiC12 + ,,.. I I+ HCl 
H ' H heat 

t 

(E) 

~ 
H H C6H6 

2) 4 (E) t 1 ) Sheet polymer t HF 
H H heat 

H 

If difluoro-dichlorosilane can be synthesized, say by a process 

similar to Eaborn's, 15 advantage can be taken of the reactivity scale for 

halosilanes toward nucleophilic attack17 ( SiF < SiCl < SiBr < Sil). 

This procedure has the advantage over Alternative I in that it requires 

one less synthetic step, however, fluorosilicates are known in which 

silicon is hexa.coordinate. The HF in the reaction medium may be com­

plexed by the electropositive silicon in the polymer thus making it 

difficult at be,st to remove during the purification step. 

The polymer, which results from these procedures, should be 

thermally stable and relatively soluable in organic sol vents. These 

characteristics make it well suited for either melt or solution casting 

into membranes. 

Conformation of structure and Final Remarks 

In order to confirm the two dimensional sheet configuration of 

this siloxa.ne polymer, it is required that some experimental evidence 

be given to support the assumption that the crucial tris- siloxybenzene 

link is planar. With the initial assumption that the Sio; group is tetra-

hedral, West18119 has shown that when a carbon atom is replaced by 
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silicon in a five membered ring, strain free planar conformations are 

obtained. This is in spite of the additional size of the silicon atom and 

is presumably due to the ease of distorting silicon's tetrahedral bond 

angles. These strain free conformations have been verified by the 

experimental evidence obtained by Belikova. 20 His experiments tested 

the resistance of five membered silicon heterocyclics to ring opening 

attack. The further assumption, that a hexa-substituted benzene ring 

is at worst approximately planar in its equilibrium position, has been 

verified by Steele and Bertolucci21 from spectrometric analyses of C6F 6 • 

The only reference, which has been found, to be a synthesized 

sheet molecule containing silicon and illustrates the honeycomb potential 

for this molecule, was prepared by Wiberg and Simmler. 22 This mole­

cule, prepared from silicochlorof orm and steam at 450 °, has the 

structure which resembles that of mica and is readily crosslinked upon 

heating above 500 °. 

It is felt, therefore, that the tris-siloxybenzene groups ~t the corners 

of a regular hexagon will generate a planar honeycomb and no other 

structure is possible. 
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The proposed sheet polymer will have no more negative charac­

teristics for use as an extracorporal hemodialysis membrane than the 

polymers presently employed. 23 They do have the advantage of being 

(1) two dimensional, and as such more soluable and easier to solution 

cast, (2) composed of Si-0 links with a large degree of aromaticity, 

therefore making it highly thermal stable as well as durable, and (3) 

more easily purified to meet the high standards required of biomedical 

grade products. 

Nothing can be predicted about the third dimension of this product 

beyond the reasoning that alternate sheets will be staggered. This con­

formation would relieve stress due to repulsion between like charge 

centers. It can be asserted therefore with some confidence, that a 

direct, unabstructed path through the lattice would not be present. 
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Figure 1 

Honeycomb Sheet Polymer 

O = Silicon atom in the plane of the sheet 

o = Oxygen atom in the plane of the sheet 

• = Oxygen atom above or below the plane of the sheet 

Q = Benzene ring in the plane of the sheet 

@= Benzene ring perpendicular to the plane of the sheet 
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PRO POSITION II 

The Investigation of the Triplet States of Sym-Trifluoro­

Pentafluoro- and Hexafluoro-Benzenes Using the Methods 

of Photoexcitation Spectr oscopy 

An investigation of the triplet states of three fluoroaromatics is 

proposed using perhaps the only technique whereby reliable information 

on these upper states is possible. 

It has long been recognized from investigations on the electronic 

states of fluoroaromatics that they form a class unto themselves. This 

is particularly true for the molecules containing more than two fluorine 

atoms; position of substitutions being in addition an important factor. 

A particularly interesting series of results observed for sym-trifluoro, 1 

pentafluoro2 ' 3 and hexafluoro3' 4-benzenes is that these molecules 

fluoresce only very, very weakly in the vapor phase, do not appear to 

fluoresce in the crystal at 4. 2 °K5, and as a result of very short triplet 

lifetimes, 6 essentially nothing is known about the triplet states. (The 

phosphorescence observed by Phillips4 for C6F 6 in EPA at 77"K could 

not be reproduced in these laboratories using the same experimental 

procedure and instrumentation . An EPA impurity emission was, how­

ever, observed in the region reported for C6F 6 , i.e., between 3500 A -
0 

6000 A.) It is the assumption here that all present data on the triplet 

states of these three molecules are at best, suspect; this includes the 

absence of triplet emission from C6F 3H3 or C6F 6 in dilute Krypton 
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matrices at ~ 30 °K found by Bertolucci and Unger. 7 

Proposition: As 1, 3, 5 C6F 3H3 , C6F 5H and C 6F 6 do not exhibit 

phosphorescence and no heavy atom spin-orbit effects are expected from 

fluorine substitution, it is proposed to examine the triplet states of 

these molecules by the methods of photoexcitation spectroscopy using 

paradibromobenzene as the emitting species. 

The methods of photoexcitation spectroscopy8 have been quite 

useful in the investigations of systems where high resolution information 

on the triplet state was desirable. 9 The method which requires doping 

a relatively thin crystal (,.... 2 mm) with low concentrations of a strongly 

phosphorescent species10 has two distinct advantages over conventional 

triplet investigations. The first is that the singlet-to-triplet absorption 

spectrum of the host is investigated and therefore analysis of the excited 

triplet manifold is possible. The second, an experimental advantage, 

involves the measurement of moderate light levels above a continuum of 

darkness as opposed to the measurement of small decreases in light 

intensity from the strong continuum of the exciting lamp when attempting 

to observe pure thick crystal S
0 

- Tx transitions of extremely low 

oscillator strength (f ~ 10- 11
). ll 

Information obtainable from the three experiments of particular 

interest include: the energy of triplet states accessible by the technique; 

the appearance of vibronic structure, and the analysis of triplet state 

vibrational frequencies present in the spectrum. 
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PRO POSITION III 

A Study on the "Ground State Trans Effect" of Ethylene in the 

Trans Stabilization of Chloride in Zeise's Salt 

A systematic study on the dependence of the chlorine ligand on 

1T back-bonding for stabilization in Zeise' s salt (potassium trichloro­

ethylene plalinate II) is proposed. Advantage is taken of a typical result 

for fluorine substituted 1T systems to isolate the rr effect on the pt-Clt 

stretching frequency by radically altering the efficiency of the pt_ 

ethylene back-bonding (M - L) in the complex without perturbing the 

basic structure. 

The nature of the pt-olefin bond has been the subject of great 

interest since the synthesis of K[ (C 2H4)PtC13] • H20 by W. C. Zeise in 

1827. It was not until the early 1950's, however, when Dewar1a and 

Chatt et al. lb proposed the dual nature of the metal-olefin bond, that a 

generally acceptable description was available. Basically, the metal­

olefin bonding is described as involving: (1) A a bond derived from 

symmetrically donated 2p11 electrons of the olefin to a metal 5d6s6p2 

hybrid orbital and (2) a 1T back-bond derived from overlap between a 

filled 5d6p hybrid orbital of the metal and the empty 2prr* orbital of the 

olefin . It was the 1T back-bonding aspect that allowed Chatt et al., 2a 

Orgel2b and Langford and Gray3c to explain the high trans effect in sub-

stitution reactions observed for C2H4 in Zeise's anion. 

One method of investigating the factors contributing to the 
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(Ft-Cl) bond strength as well as directly evaluating the olefin "ground 

state trans effect113 is by infrared analysis. The anion [ FtCl3C2H4]- is 

a square planar complex with C2v symmetry. A full normal mode 

analysis assuming the molecule lies in the (xz) plane yields the vibra­

tional states: 8 a 1 + 4 a 2 + 6 b1 + 6 b2 • A truncated mode analysis using 

only platinum and chlorine vectors however, simplifies the problem of 

assignment and yields the Ft-Cl vibrational modes: 3 a1 + b1 + 2 b2 • As 

only the trans (to the olefin) Ft-Cl stretching frequency v7 (ai) is of 

importance in this investigation~a, b the modes v8 (a1), v14(b1) and v20 (b2) 

which are bending modes and v6(a1) and v18 (b2) which are symmetric and 

antisymmetric stretching modes of the linear Cl- Ft-Cl link, need not be 

considered. The energy region over which the investigation will take 

place is the far infrared region 250 cm- 1 to 350 cm- 1
• The degenerate 

eu vibrational state of K'.2 ptC14 (a D4h species) is the mode from which 

v7 (a1) is derived in the lower point group symmetry and is found at 

320 cm-
1

• 
5 The trans Ft-Clfundamental is located at 306 cm- 1 in Zeise's 

anion. 4b This lowering of frequency is correlated to the reduction in 

force constant due to the "ground state trans effect" and is exemplified 

by bond lengthening. Similar reductions in v7 are observed for all 

ligands high on the trans effect scale, i.e., H-, C2H4 , PR 3 , CO, CH3-, 

C 6H5-, etc. , and the bond lengthening in the trans position verified by 

x-ray analysis. 6a,b,c 

The arguments in support of these findings go as follows: 7 

(1) good a bonding ligands such as H- put a large degree of negative 

charge in the metal Px orbitals. This orbital is shared by the trans 
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ligand and, therefore, its a electrons are repelled from the now less 

positive central metal atom. (2) Weak a bonding but strong 11 bonding 

ligands like C2H4 , PR3 , and CO would not be expected to analogously 

lengthen strong a bonding trans ligands. These molecules would be 

expected to either weaken or strengthen the trans ligand bonds that either 

do or do not depend partially on 11 bonding, as for example; Alderman, 

Owston and Rowe6a performed the X-ray analysis of cis and trans 

(C 2H4)Cl2 Ft(NH(CH3)) and determined that in the trans configuration, no 

lengthening of the (Ft-N) bond occurs, where as in the cis isomer the 

(Ft-Cl) bond is lengthened considerably. They concluded that the bond 

lengthening of the trans (Ft-Cl) bond was due to a reduction in the 1f 

character of that bond. Thus, 11 back-bonding between the filled pt 

hybrid orbital and an empty-ct-orbital on chlorine is considered an 

important factor in Ft-Cl bonding. Unfortunately, no infrared data for 

the (Ft-Cl) stretching frequency for this anion has been found. 

The most recent review article describing the state of the art8 

has in accord with Basolo and Pearson 7 indicated that the effect on the 

infrared stretching frequency of ligands trans to a (Ft-Of) bond in a 

square planar complex is still not well understood, however, the reason 

behind the uncertainty is a significant lack of pertinent experimental 

evidence coupled with one result reported by Adams and Chatt et al. 9 

Chatt determined that the complex (cod) FtC12 , where cod = 1, 5-

cyclooctadiene, a bidentate ligand, has one of the highest (Ft-Cl) 

stretching frequencies yet observed (341 cm- 1
). The accuracy of this 

observation is not questioned here, but his explanation of this result is 
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totally incompatable with the explanation proposed earlier for v (Ft-Cl) 

trans to an olefin- pt bond by Alderman et al. 6C In addition to and in 

support of Chatt's findings, that no lengthening and an obvious shortening 

of the (Ft-Cl) bond occurs in (cod) FtC12 , is the X-ray result of 

Baenziger et al. lO They find the (Pd-Cl) bond length in dichloronor­

bornadiene Pd(II) is 2. 316 ± 0. 001 'A and that it is just what is expected 

from the single bond radii. 

The inconsistency in these results arises from the fact that in 

both cases, Chatt's dual nature bond theory is used to explain the experi­

mental data and the (Ft-Cl) bond is in the first case, described as having 

a large 1T character, and in the second case, no such character. The 

uncertainty as to the nature of the (Ft-Cl) bond is reflected quite 

obviously in the recent publication by Denning and Ware11 who, upon 

finding a large frequency shift to lower energy for the trans (Ft-Cl) 

stretch in [(CO) FtC13]-, refuse to make any statement concerning the 

bonding other than duely noting the lengthening. 

It is important to note at this point, that no inconsistency is 

present in the various explanations if no comparisons are made between 

mono and bidentate 1T ligands. Large structural differences in these 

cases obscure the effect under investigation and direct comparisons of 

experimental results are meaningless. 

Proposition: Using selectively substituted ethylene ligands, it 

will be possible to isolate the dependence of chlorine on 1T back-bonding 

in Zeise's anion. 
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Substituted ethylenes to be investigated as complexed in 

[ ptC13C2X4]- include the following: 

a. X = I, Br, Cl 

b. X = CH3 , CC13 , CF 3 

y=l,2,3,4 

The change in stretching frequency observed for v7 in series a 

and b will reflect the dependence of 11Pt-Clt on variable a donor charac­

teristics of the olefin. The change in metal to olefin 1T back-bonding is 

expected to be relatively constant throughout series a and b. Thus, the 

a effect can be compensated for when interpreting the results obtained 

with series c where large changes in metal to olefin 1T character and sub­

sequent large changes in Pt-Cl 1T character are expected. 

Table I gives the energy of the Franck-Condon maxima in the 

rr --+ rr* transit~on for various fluoroethylenes. These figures are represent­

ative of the energy of the antibonding rr* orbital relative to the unsub­

stituted ethylene. As the magnitude of the interaction in the (Pt-0.f) 1T 

bond is inversely proportional to the energy separation, the relative 

1T --+ rr* transition energies, assuming constant overlap, are a rough 

measure of the expected strength of interaction in the series. From 

inspection of the table one might expect, if chlorine depends to a large 

degree on rr back-bonding, v7 will increase markedly in energy for C2F 4 • 

The value of v7 obtained for CHF =CF 2 should be used as another test 

on the a dependence of the stretching frequency as no 1T effects are 

expected. 
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Table I 

Olefin 11 'If __.'If* (c -1)12 
max m ~ a (Olefin-Ethylene) mx 

trans-CFH = CFH 58,754 -2,946 

CH2 = CHF 60,000 -1,700 

CH2 = CF2 60,500 -1,200 

CHF = CF2 61,400 300 

cis-CFH = CFH 63,036 1,336 

CF2 =CF2 71,650 9,950 
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PROPOSITION IV 

Dewar Benzene and Channel Three 

An experimental procedure is outlined for the isolation of 
0 

Dewar benzene if it can be produced by irradiating benzene at "'2417 A 

under special conditions. 

Perhaps no other single system in the history of the chemical 

literature has held the interest of photochemists as has the hexagonal 

aromatic, benzene. In particular, investigations on the photo-induced 

valence isomerization of the material are well represented. l-l5 With 

the exception of the prismane structure, all the valence isomers con­

taining no more than one exomethylene group have been isolated (i.e. , 

benzvalene, fulvene, and bicyclo[ 2. 2. O] hexa-2, 5-diene or Dewar 

benzene). The mechanism of formation of benzvalene and fulvene are 

characterized to the greatest extent and only the former has been iso-
0 

lated in vapor phase photolysis at wavelengths approaching 2450 A from 

the high side. A wavelength of particular interest in the investigations 

on the spectroscopic properties of benzene itself appears to be system­

atically avoided in the great majority of this literature however, and is 

known as the "channel 3" threshold. 17- 20 This wavelength is ,..., 2417 A 

and represents the energy at which the quantum yield of fluorescence 

and intersystem crossing become essentially zero. The sum of the 

quantum yields for fluorescence (channel 1) and phosphorescence 
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(channel 2) is 0. 81 for benzene excited near 2537 A in the vapor. 
0 0 

Neither quantum defect (,.., 1. 0 at 2417 A or ,.., 0.19 at 2537 A) can at 

present be explained by corresponding quantum yields of a conventionally 

isolatable valence isomer or other photo-product. 

Proposition: An attempt to prepare and isolate Dewar benzene 

in a high pressure inert gas environment by irradiating benzene at 

,.., 2417 A followed by rapid low temperature quenching is proposed. 

The facile conversion of the sterically unhindered hexafluoro­

benzene molecule to the Dewar isomer by Haller21 has led to the notion 

that it is this isomer alone which provides the non-radiative route for 

deactivation of benzene excited into the 1B2u state. The instability of 

Dewar benzene in the vapor phase is well-known as ~s its clean, first 

order kinetic return to ground state benzene. The absence of significant 
0 

quantities of photo-products after 2400 A irradiations of gaseous benzene 

as investigated to date therefore is not unexpected. 

If in fact a state of Dewar benzene which was first synthesized 

and characterized by van Tamelan and Pappas22 is populated along the 

non-radiative chain of 1B2u C6H6 , conditions must be tailored to inhibit 

its relaxation back to the planar form. It is believed that such conditions 

are satisfied in the following system: 

(a) Multiple pass gas cell capable of being cooled to ,.., 210 °K 

and of convenient length and volume. 

(b) High intensity excitation source wavelength selected with 

" monochromator with an effective bandpass of 2420 ± 5 A. 

(c) High speed pumping capability on a chamber of large sur­

face area capable of being coated with pyridine, maintained 
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at 77°K and adjoined to the multiple pass cell via a 2" 

gate valve. 

(d) Various plumbing on the gas cell to admit C6H6 at its vapor 

pressure at 210 °K and purified N2 to a pressure of ~ 2 atmo­

spheres. 

(e) Capability to remove samples of liquid pyridine and any 

trapped photo-products from the chamber described in (c). 

Isolation and identification by analytical v. p. c . of Dewar benzene 

from the irradiation of benzene at "' 2417 A would present strong 

evidence toward understanding the "channel 3" mechanism. 
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PROPOSITION V 

How many potential chemistry majors of exceptional quality are 

lost to other departments each year at Caltech because by the third 

term of a freshmans tenure he is only exposed to those areas amenable 

in the Chemistry 1 curriculum? In particular, how many physical 

chemists are lost prior to eligibility to Chemistry 21? These questions 

can not be answered exactly or even generally at present. It is the goal 

of this proposition to supply the answer "---- few" to the second question 

and perhaps "none" to the first. Idealistic! Yes, but not from inex-

perience. 

Proposition: The Chemistry 2 course presently offered to 

advanced freshmen at Caltech should not be a course with periodically 

rotated instructorship and subject matter but consist of fixed material 

including "The Chem Two Bestiary" lectured by a series of "inspired" 

specialists. 

The requirement for set material is basic to presenting classes 

of students to the upper division courses with some uniformity in their 

background. The use of various specialists within a given course is 

not new to chemistry courses at Caltech, 1 but it either occurs too late 

to catch the student favoring engineering or physics or doesn't expose 

him to the right people ,at the right time. As such, a course of this 

nature would require a continuing commitment from the entire chemistry 

staff. This commitment, however, would only be for a very limited 
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time per year. It would necessarily allow the upper division instructors 

an opportunity to tailor some of their brighter future students. It 

would require a minimum of eight professors. 

As an example of the subject matter and level at which excep­

tional freshmen can be successfully exposed to what has generally been 

regarded as advanced material is given in Appendix II. This material 

which introduces electronic spectroscopy at the level which does not 

require an advanced mathematical background is taken directly from 

"The Chem Two Bestiary". 2 In conjunction with appropriate demonstra­

tions (i.e., pure crystal fluorescence and mixed crystal phosphor­

escence, etc.), this particular subject presents physical chemistry in a 

way generally never seen by freshmen. It is preceded hy chapters on 

g:roup theory, molecular orbital theory, and vibrational spectroscopy and 

followed by a chapter on nuclear magnetic resonance. Each of these 

chapters with the exception of the chapters dealing with electronic and 

vibrational spectroscopy, should be lectured by different and appropriate 

personnel. As for the balance of the course material, liaison with the 

Chemistry 1 staff is necess.ary to preserve a semblance of uniformity in 

freshmen preparation to advanced subjects. The most important con­

sideratioi;i in formulating the staff is, does it adequately represent the 

diversity and expertise available to students in chemistry. Contrary to 

some rec.ent ideas in teaching undergraduates, 3 it is not so much what 

subjects or what method or to what depth you teach freshmen, it is that 

you expose eager and searching individuals to all that is available. When 

the time comes for a freshman to choose a major, under the above 
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circumstances, chemistry in general, and physical chemistry in 

particular will be well represented in his experience. 
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