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The widespread use of fluorine-containing compounds in 

polymers, aerosols, and refrigerants is a result of the 

unusual effect of fluorine on olefinic electronic structure. 

In this study, bromo- and iodoethylene are subjected to 

vacuum ultraviolet irradiation and their absorption of this 

radiation is compared with that of the corresponding per™ 

fluorinated compounds. The ionization potentials of the a 

electrons are substantially increased ( > 1 eV), while the 

TT electrons are only slightly stabilized (0.2 eV) , as is 

known to occur upon fluorination. However, the IR* +• TT 

absorption is shifted to lower energy in spite of the sta-

bilization of the IT bond. Higher excited states (Rydberg 

states) are also selectively affected, with those lying in 

the molecular plane being more stabilized than those per-

pendicular to the plane. 

This study of the fluorinated compounds led into 

another area of investigation which has revealed some 

unusual modes of molecular interaction. Upon investigation 

of a series of small polar aldehydes and ketones in the 

vapor phase, evidence was seen of clustering in specific 



geometries and orientations. Upon sample pressure variation, 

the IR spectra showed erratic changes in relative peak 

heights, and an additional weak band was observed. The 

effective molecular weights were higher than the monomer 

weight. Changes in the integrated molar absorption coef-

ficients as a function of pressure were also seen. Using 

these data, a mixture of van der Waals dimers, trimers, 

and larger species was described, and the hypochromic 

effect of closely interacting chromophores was seen to 

account for the spectral variations. Changes in the di-

electric response of these aggregates reflected both the 

increased polarizabilities and the variations is net 

dipole moment resulting from the orientations of the 

carbonyl groups within the clusters. These compounds 

exhibited a high degree of specificity in interactions 

with neighboring molecules. 
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CHAPTER I 

INTRODUCTION 

Since the development of the understanding that the 

electron distribution within a molecule is chiefly respon-

sible for its properties and behavior, factors influencing 

this charge distribution have been of interest to scientists. 

The chemical reactivity of a molecule, the physical prop-

erties, and to a large extent, structure and geometry, are 

all functions of the electron distribution. This study 

examines the issue of electronic structure from two points 

of view, each of them focussing on a specific component 

within the molecules studied. 

It is a common occurrence that one part of a molecule, 

a functional group or even a single atom, so dominates the 

remainder of the molecule that descriptions of the molecular 

properties invariably center about that one crucial group 

or atom. On this basis, for instance, organic chemicals 

are classified as alcohols, amines, etc., in the under-

standing that the characteristics of the hydroxyl or amino 

group essentially determine the characteristics of the 

molecule, with the remainder of the structure contributing 

relatively minor variations. This applies both to chem-

ical and spectral properties. In the present work, the 



effects of the highly polar carbonyl group on spectroscopic 

parameters and physical behavior are investigated. An ad-

ditional area of study is the effect of fluorine substi-

tution on the energy levels of some halogenated ethylenes. 

The specific parameters examined are the ionization po-

tentials, the absorption frequencies, and the energies of 

a class of excited states known as molecular Rydberg states. 

It was during the study of these halogenated ethylenes 

that the observations leading to the carbonyl compound in-

vestigations were made, so that the two areas examined are 

connected both experimentally and chemically. 

Molecular Rydberg States 

Outside of the skeletal framework of a molecule, even 

further out than the electron clouds surrounding the atoms 

with their bonding, nonbonding, and antibonding orbitals, 

is a large group of orbitals known as Rydberg orbitals. 

These are unoccupied in the ground state of a molecule, and 

are described by higher principal quantum numbers than are 

used to characterize valence shell orbitals. In the sim-

plest example, the 2s orbital of hydrogen is a Rydberg 

orbital, as are the 2p, and 3s, and so on. In an empirical 

sense, Rydberg states may be described as those which can 

be fit to a series using the Rydberg equation (1): 

R 
v , = IP ~ , 

* (n - S)2 



where v^g represents the energy of the transition to the 

Rydberg state and IP is the ionization potential (expressed 

in wave numbers) of the orbital from which the excited el-

ectron originated. The second quantity on the right hand 

side of the equation is called the term value, and can be 

thought of as the ionization potential of the excited state. 

In the term value, R is the Rydberg constant, 109 678 cm-"'", 

and the quantity squared in the denominator is an effective 

principal quantum number n, corrected for the penetration 

of the Rydberg orbital into the core of the molecule. This 

correction factor 6, which is also referred to as the 

quantum defect, has characteristic values for different 

types of Rydberg orbitals; 6 * 1.0 for ŝ  Rydbergs, 0.6 for 

p Rydbergs, and 0.1 for d Rydberg orbitals (1). These 

values reflect the amount of electron density near the 

center of an occupied Rydberg orbital, and this core pene-

tration is highest for an s orbital, smaller for £'s, and 

still smaller for d orbitals. From the formula, it can be 

seen that the higher core penetration for an s Rydberg 

orbital causes the orbital to have a larger term value, and 

hence a lower energy transition from the ground to the ex-

cited Rydberg state. Rydberg states from the same origi-

nating orbital increase in energy with increasing value, 

i.e., 3d Rydbergs have higher transition energies than 3p 

Rydbergs, which are higher than 3s Rydbergs (1). 



The relationships of these quantities to each other 

are pictured in Figure 1, using an ns «- IT series as an 

example. The frequencies of the observed absorptions in-

crease as the term values decrease, until the electron is 

effectively removed from the molecule. 

IP 

6s 

5s 

4s 

3s 

IT 

*T-

V obs. 

T 

term values 

Fig. 1 An ns TT Rydberg series. IP is the ionization 
potential of the TT orbital, and vQjpS is the freauency in 
wave numbers of the observed transition. The term value is 
the energy difference between the observed frequency and 
the ionization potential. 

As suggested by the s, £, d terminology, Rydberg or-

bitals are atomic-like. Because of the very large radial 

extension of the orbital (proportional to {n - 5}2) , the 

electron is considered to be far anough away from the mol-

ecule that the field exerted on the Rydberg electron by the 



positive charge left behind approaches that of a point 

charge. Another effect of the large size of the Rydberg 

orbital is the possibility of its being able to overlap 

with groups in the molecule spatially distant from the 

originating ground-state orbital. As an example of this, 

consider a nonbonding orbital on the bromine atom in 

bromoethylene (2). Figure 2a depicts the two nonbonding 

orbitals, one in the molecular plane and one perpendicular 

to this plane. In contrast, Figure 2b pictures the s and 

p molecular Rydberg orbitals, the it can be seen that the 

Rydberg orbitals have the capability of overlapping with 

other substituents to a greater extent than the nonbonding 

orbitals have. The Rydberg orbitals will therefore be 

influenced by these substituents to a greater extent. 

The fact that an electron in a Rydberg orbital spans 

all or most of the molecule being studied makes the energy 

of this electron highly sensitive to the effects of changes 

in molecular composition. Because of the sensitivity of 

Rydberg states to perturbation by substituents within the 

molecule, the properties of these states can be used to 

clarify and interpret the effects of substituents on 

molecular structure. 
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Fig. 2—Bromoethylene orbitals: (a) nonbonding orbitals, 
(b) s and p Rydberg orbitals. The solid lines represent areas 
where the wave function is positive, and the dashed lines 
represent areas where the wave function is negative. 



Molecular Interactions 

The question of intermolecular forces leading to non-

ideal behavior in polar gases has occupied the attention of 

many investigators. The bulk of the studies of this subject 

has been conducted at relatively high pressures, where dev-

iations from ideality are manifested in a variety of forms, 

including pressure-induced spectral features (3,4) and 

changes in dielectric and refractive properties (5). Much 

of the original development of the theory of these forces 

was done in the 1920's by P. J. W. Debye (6), and he and 

others added further refinements in following years. 

Intermolecular forces were shown to result both from per-

manent and induced molecular properties. The potential 

energy of two dipoles m^ and m2, separated by a distance 

vector R, was shown to be (7) 

1 _ _ (m-.R). (m-.R) 
V = —=• m, . m„ -

R3 1 - 2 R2 

If one averages over all orientations and introduces the 

Boltzmann distribution for the probability of an arrange-

ment with energy V = exp (-V/kT), this average potential 

energy becomes 

V = 2 linj 2 I m2l
 2 / 3kTR6 . 

In addition to the permanent dipole-dipole interaction, 

induced dipoles are also found to affect intermolecular 



forces. If the same two molecules with dipole moments m^ 

and m2 also have polarizabilities and a2 respectively, 

then the average potential energy is (7) 

V = (a2|m1l
 2 + a-J m2 |

2) / R6 . 

(Note that this potential energy has no temperature depend-

ence, as does the dipole-dipole interaction.) 

Finally, even without the presence of any permanent 

dipole moment, instantaneous induced dipoles are formed by 

the fluctuations of electron clouds. Such forces, known as 

London forces, produce an effect as great as that caused by 

the permanent dipoles (7). 

The complexities involved in the calculation of mol-

ecular properties resulting from these forces require a 

number of sinplifying assumptions. Chief among these is 

the assumption of additive pairwise intermolecular potentials, 

This concept is that the interaction between two molecules 

does not influence the interaction of either one with other 

neighboring molecules (9). In other words, if molecules 

A, B, and C are interacting, the attractive forces between 

A and B do not alter their positions or orientations with 

respect to molecule C, nor perturb the electronic charge 

distributions of A and B in any way which affects the po-

tential exerted upon molecule C. Hence the total inter-

molecular forces may by represented by a simple summation 

of the pairwise interactions between AC, AB, and BC. The 



applicability of calculations made using this assumption is 

thus limited to the most weakly interacting species. Further 

simplification is introduced by the neglect of molecular 

structure; the forces are treated as being exerted between 

two point dipoles, eliminating the necessity for considering 

relative orientations. However, the effect of intermolecular 

forces is greater and more easily observable when the mol-

ecules are polar, and polar molecules are not spherically 

symmetric. The interaction of two dipoles is proportional 

to the dot product of two vectors representing the dipoles, 

and thus is dependent on cosine 0, where 9 is the angle 

between the vectors. As in the case of additive pairwise 

potentials, the point dipole assumption limits the appli-

cability of the study to weakly interacting species. Yet 

^ third assumption made is that of homogeneity of the 

medium. There is assumed to be no microscopic variation 

os fields and events within the sample, and local effects 

are neglected. The major exception to this neglect is in 

the area of dielectric polarization measurements, where a 

sophisticated model for the local field at the molecule has 

been worked out in detail (10) . 

With all these limitations on data interpretation, it 

is perhaps not surprising that attempts to calculate and 

map potential energy fields have been limited to interactions 

between atoms, and occasionally, interactions between an 
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atom and a diatomic molecule (11). Because the forces 

between such species as Argon and aire relatively small , 

highly sophisticated instrumentation and techniques are 

required for detection (12). In addition, the weakness 

of these interactions make the resulting comples quite 

transient. With electronic specied having lifetimes on 

the same order of magnitude as the time between collisions, 

the measurement of either physical or spectral properties 

becomes difficult. Molecular beam techniques have been 

developed which force sample gases to expand from a nozzle 

in a high velocity focussed beam across the light path, 

thus minimizing the collisions. This apparatus has been 

used successfully to study complexes small enough to have 

resolved rotational states, but larger complexes are not 

amenable to this technique (12). 

The other extreme in the approach to the study of 

intermolecular forces is the measurement of bulk properties 

in species large enough and sufficiently strongly inter-

acting to cause observable changes in macroscopic prop-

erties. Several hydrogen bonded complexes (13) have been 

studied from this point of view. The parameters determined 

are those having to do with thermodynamic quantities; heat 

transfer and diffusion. No report has yet been found of an 

attempt to combine the measurement of some bulk property of 
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van der Waals molecules with some means of probing the 

microscopic events which are responsible for these properties 

An attempt has been made in this study to measure the macro-

scopic behavior of these complexes and to correlate the 

microscopic events which produce this behavior. 
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CHAPTER II 

THE PERFLUORO EFFECT 

ON RYDBERG STATES 

Substituent effects on molecular properties have lonq 

been used to unravel the closely interwoven factors which 

combine to make up the electronic structure of a molecule. 

The changes which take place upon substitution of either 

electron-withdrawing or electron-donating groups have been 

investigated by a variety of approaches. One of the ear-

liest and most notable of these is Hammett's original 

quantitative study of the variation in reactivity with 

changes in substituents (1). Occupying a special position 

among electron-withdrawing substituents is fluorine. It 

can, because of its electronegativity, exert a strong in-

ductive effect, and also, because of its available non-

bonding electrons, conjugate with the rest of the molecule. 

The combination of these two interactions with the elec-

tronic structure of the remainder of the molecule gives 

rise to what is known as the perfluoro effect (2). 

Specifically, the substitution of fluorine for hydrogen 

in a planar molecule has been observed (2,3) to stabilize 

o molecular orbitals substantially, but to have little or 

no effect on ir molecular orbitals. In photoelectron 
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spectroscopy, this effect has been used to distinguish 

between a and it energy levels in assigning the observed 

ionization potentials to the corresponding molecular or-

bitals. The perfluoro effect has also been shown (4,5) 

to apply to bound excited states as well as to ionic states, 

Although specifically defined for planar molecules, where 

the designations a and ir are most meaningfully descriptive 

of in-plane and out-of-plane orbitals, respectively, the 

perfluoro effect has also been seen in molecules with minor 

deviations from planarity (6). 

In order to investigate this phenomenon further and 

to extend its range of applicability, the vacuum ultra-

violet absorption spectra of bromo- and iodotrifluoroeth-

ylene are reported and compared with the spectra of their 

nonfluorinated analogs. These compounds contain both o and 

ir fcoridiiSg" orbitals comprising the molecular framework, plus 

nonbonding of both o and tt symmetry on the bromine and 

iodine substituents. The out-of-plane halogen p orbital is 

conjugated with the ethylene tr bond to form a more stable 

molecular orbital (MO) that is both carbon-carbon bonding 

and carbon-halogen bonding, and a destabilized MO that is 

carbon-carbon bonding, but carbon-halogen antibonding. The 

destabilized combination of the carbon-carbon bond and the 

out-of-plane halogen £ orbital is associated with the first 

ionization potential in each of the compounds studied, and 
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in the interests of brevity will be referred to as the IT 

MO. The other halogen p orbital is in the molecular plane 

and of 0 symmetry. It will be referred to as nonbonding 

(n); however, the extent to which this orbital is nonbonding 

varies with the other molecular substituents, as will be 

discussed later. In addition, the high-energy spectral 

region being investigated contains absorptions associated 

with transitions to molecular Rydberg states which can also 

be considered to have either a or IT symmetry. The manner 

in which perfluorination affects the energies of these 

Rydberg states is informative with respect to both the 

mechanism by which fluorine interacts with the remainder 

of the molecule, and the spatial orientation of the occupied 

Rydberg orbital. 

Experimental Section 

The spectra were taken on a McPherson 225 one meter 

double beam vacuum ultraviolet spectrophotometer equipped 

with a monopartite grating, ruled at 1200 lines/mm. The 

light source was a Hinteregger lamp through which hydrogen 

was differentially pumped to allow windowless operation. 

The photomultiplier tube (EMI-9635-Q) output was converted 

to absorbance by a McPherson Model 782 logarithmic ratio-

meter. 
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A ten-centimeter path length cell made of stainless 

steel and fitted with lithium fluoride windows was used in 

obtaining the spectra. The compounds were studied in the 

vapor phase at sample pressures of 0.1 to 0.2 Torr. These 

pressures were measured with an MKS Baratron (MKS Instruments 

Incorporated) type 144 capacitance manometer which was 

calibrated with a McLeod mercury gauge. 

Bromo- and iodoethylene were obtained from Columbia 

Organic Chemicals, and the fluorinated compounds from 

Peninsular Chemresearch. All samples were of the highest 

purity commercially available. They were further purified 

by repeated freezing under liquid nitrogen and outgassing, 

folowed by transfer of the middle third of the sample to 

another container. This second container of sample was 

kept under vacuum, and was the source of the samples used 

to obtain the spectra. 

Spectral Results 

Bromotrifluoroethylene.—The absorption spectrum of 

bromotrifluoroethylene is shown in Figure 3.. The lowest 

energy absorption is broad and structureless, with the 

band maximum at 50 500 cm-1. This is slightly lower in 

energy than the tt* + tt peak in bromoethylene (7) , which 

has the band maximum at 52 200 cm-1. In a study (4) of 

benzene derivatives containing electron-withdrawing 
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Fig. 3— The absorption spectrum of bromotrifluoro-
ethylene. Complete ns, np, and rid Rydberg progressions 
are shown, along with the first members of Incomplete 
series. The spectrum is plotted with molar absorptivity 
vs wavelength. 
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substituents including fluorine, it was observed that the 

IT* «- TT absorption was shifted to the red in spite of an 

increased TT ionization potential. This was attributed to 

stabilization of the excited state by the fluorine atoms 

present, and it is believed that a similar effect is oper-

ating in the fluorinated bromo— and iodoethylenes. There-

fore, the broad band at 50 500 cm described above is 

assigned to the IR* «- TT transition. This IT* «- TT red shift 

is also observed for iodoethylene (see below). 

Other valence shell transitions appear as broad ab-

sorptions underlying the sharp Rydberg peaks. Since the 

perfluoro effect influences excited states in the same 

manner as ion states, the c r* level is stabilized to a 

greater extent than the TT* level, thus bringing the o* + TT 

and TT* + TT absorptions closer in energy than in the non-

fluorinated compound. For this reason, the broad shoulder 

at 57 000 cm is assigned to a o* *• it transition, and the 

underlying intensity at 65 300 cm as the TT* -<- n absorption. 

The remainder of the spectrum is composed of absorptions 

assigned to molecular Rydberg states. A complete listing of 

Rydberg progressions for this compound is given in Table I. 

Of particular interest is the band system beginning at 

59 510 cm , containing the first members of two np TT 

Rydberg series (6 = 2.77, 2.52), each of which is followed 

by several guanta of the C=C symmetric stretching frequency, 
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TABLE I 

RYDBERG ASSIGNMENTS FOR BROMOTRIFLUOROETHYLENE 

n Vcalc. Vobs. 

ns *• TT; S = 3 .07 

5 52 100 52 350 
6 68 777 68 837 
7 74 455 74 449 
8 77 045 77 052 
9 78 439 78 435 
00 81 560 

nd IT ; 6 = 2 .02 

5 69 203 69 171* 
6 74 632 74 655 
7 77 135 77 119 
8 78 491 78 505 
9 79 308 79 296 
00 81 560 

Vcalc. Vobs. V calc. Vobs. 

np *• IT; 6 = 2.77 np IT S = = 2.52 

5 59 493 59 209* 63 718 63 756* 
6 71 042 71 104 72 499 72 461 
7 75 427 75 449 76 093 76 103 
8 77 548 77 495 77 906 77 912 
9 78 733 78 710 78 947 78 933 
00 81 560 81 560 

-1 All energies are expressed in cm" 

•Followed by vibrational intervals of 1576 cm-1 
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1576 cm 1. Two 5p «- TT Rydberg peaks were also observed in 

the spectrum of the nonfluorinated bromoethylene. The 

origins of the series are more widely split in energy in 

the trifluoro compound (4200 cm"1 vs 2278 cm"1), indicating 

that one or more of the E Rydberg states are substantially 

affected by the fluorine substituents. This comparison will 

be discussed from an interpretive point of view in a later 

section. 

In addition to these £ and p Rydberg progressions, 

there is also an nd + TT series (6 = 2.02) beginning at 

69 171 cm -1, with the first member followed by two quanta 

of the 1576 cm vibration. There are also several peaks 

in the higher energy portion of the spectrum which cannot 

be assigned to any of the series already described. However, 

using term values analogous to those observed for the it 

ionization potential, these peaks are attributed to the 

first members of Rydberg series converging to the second 

ionization potential; i.e., the IP associated with the in-

plane nonbonding electrons. Most of the higher members of 

these series are out of the energy range of the spectrum, 

and only partial Rydberg progressions are seen. However, 

the peaks so assigned bear the same relationship to each 

other in energy spacing as the origins of the s and p 

Rydberg series associated with the tt IP, and it seems 

valid, therefore, to include them in the term value com-

parisons in Table IV. 
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Iodotrifluoroethylene.—The vacuum ultraviolet ab-

sorption spectrum of iodotrifluoroethylene is shown in 

Figure 4. The lowest energy absorption is assigned to the 

n* •<- tt transition, with the band maximum at 49 020 cm""'". 

The absorption is broad and without perceptible vibrational 

structure, as is characteristic of valence shell transitions 

in both the bromo- and iodoethylenes. This transition 

energy is somewhat lower than in the nonfluorinated com-

pound, which has the analogous peak at 51 200 cm-1; and, as 

in the bromo- compound, this red shift is attributed to 

stabilization of the excited state by the fluorine substi-

tuents. It should be noted here that the absorption spec-

trum of iodoethylene was reported by Boschi and Salahub (8) 

in 19 72, before the spectrum of bromoethylene, reported by 

this investigator in 1976 (7) was available for comparison. 

Several clear trends is transition energies and term values 

are observed in comparing chloroethylene (9) with bromo-

ethylene, and reevaluating the iodoethylene spectrum in 

light of these trends leads to reassignment of some of the 

absorptions. Since the majority of the assignments are 

taken as reported, it seems most appropriate to note here 

only the two revisions, when required for purposes of com-

parison. One of these is not, strictly speaking, a revision 

but an addition. Boschi and Salahub did not assign the 

tt* tt transition with certainty to any of the observed 
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Fig. 4— The absorption spectrum of iodotrifluoroeth-
ylene. Complete ns, no, and nd Rydberg progressions are 
shown, along with the first members of incomplete series. 
The spectrum is plotted with molar absorptivity vs wave-
length. 
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absorptions, but stated that it was expected to appear in 

the 65 000 cm 1 region as it does in ethylene (5). In view 

of the more recently documented trend toward lower energy 

TT* *• IT absorptions with substitution of larger Group VII 

elements, this does not seem a reasonable expectation. 

They themselves expressed doubts about it and suggested 

the assignment tentatively. The TT* «- TT transition in 

iodoethylene is now assigned to the 51 200 cm absorption 

as stated and explained above. 

The first Rydberg absorption (6s +• TT) is slightly to 

the red pf the TT* *• TT band. Its appearance as a weak 

flattened band is similar to that seen in both the chloro-

(9) and bromotrifluoroethylene (7) spectra, and seems to 

be characteristic of the first ŝ  Rydberg in these compounds. 

The first £ Rydberg absorptions are at 55 804 cm-1 and 

60 248 cm -1, superimposed on the broad underlying IT* «-• n 

absorption. These £ Rydberg peaks are broader and less 

intense than those in bromotrifluoroethylene, but some vib-

rational structure can be distinguished; specifically a 

1530 cm 1 C=C symmetric stretch. The next fairly intense 

band at 61 357 cm is assigned to the 6s n transition; 

the first member of a series converging to the second 

ionization potential which is associated with the in-plane 

nonbonding electrons. A listing of Rydberg assignments 

for iodotrifluoroethylene is given in Table II. As with 
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TABLE II 

RYDBERG ASSIGNMENTS FOR IODOTRIFLUOROETHYLENE 

n V calc, v obs. 

ns tt; 6 = 4 .07 

6 47 660 48 070 
7 64 337 64 296 
8 70 015 70 042 
9 72 605 72 616 
10 73 999 73 978 
OO 77 120 

nd tt; 6 = 3 .18 

6 63 321 63 287* 
7 69 600 69 556 
8 72 397 72 369 
9 73 880 73 891 
10 74 761 74 766 
00 77 120 

Vcalc. Vobs. Vcalc. Vobs. 

np +• it; 6 = 3.75 m tt; 6 = 3.43 

6 55 444 55 804* 60 506 60 248* 
7 66 731 66 682 68 509 68 587 
8 71 045 71 114 71 866 71 891 
9 73 139 73 180 73 583 73 573 
10 74 311 74 290 74 578 74 582 
OO 77 120 77 120 

-1 All energies are expressed in cm" 

•Followed by vibrational intervals of 1530 cm-1. 
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bromotrifluoroethylene, there are higher energy bands 

assigned to the 6s + n transition, and two 6p n Rydberg 

transitions(68 904 cm-1 and 73 497 cm-1). Most other 

members of these series are out of the accessible energy 

range, but their term values are closely comparable to those 

of the TT Rydberg series, and are included in Table V for 

comparison purposes. 

Discussion 

The effect of perfluorination on the ionization po-

tentials associated with the specific molecular orbitals is 

shown in Table III. In each case, the ionization potentials 

of the in-plane nonbonding orbitals are increased by 

slightly more than 1 eV. The mechanism by which this effect 

operates is believed to be a combination of inductive and 

resonance interactions. The inductive effect is a result 

of the high ionization potential (17.42 eV) of fluorine (10) 

being transmitted to atoms bonded to the fluorine, thereby 

tightening the binding of the electrons in the bond between 

them. Increases in the ionization potentials of other 

bonding electrons of this neighboring atom are thus caused 

by its reduced shielding, and the effect spreads with grad-

ually decreasing magnitude to atoms further away from the 

fluorine. In contrast, the resonance effect is conjugative, 

in that orbitals of the same symmetry on both the fluorine 
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TABLE III 

IONIZATION POTENTIALS* 

*A11 energies are expressed in cm 

**Values from Ref. 7. 

***Values from Ref. 8. 

-1 

Originating 
Orbital CH2=CHBr** CF2=CFBr Change 

TT 79 863 81 557 +1 694 

n 87 850 96 320 +8 470 

CH2=CHI*** CF2=CFI 

IT 75 184 77 040 +1 856 

n 81 396 90 350 + 8 954 
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atom and carbon skeleton combine. Depending on the signs 

of the wave functions and the resultant overlap, this effect 

can be either stabilizing or destabilizing. Therefore, the 

highly electron-withdrawing fluorine substituents stabilize 

both a and TT molecular orbitals by induction. This stabi-

lization is selective, however, in that there is a much 

greater mixing of fluorine with a MO's, and therefore more 

stabilization. Ab initio Gaussian type orbital calculations 

done on tetrafluoroethylene (2) indicate that in most of 

the a MO's, the electron density is higher on the fluorines 

than on the carbon atoms, but the 2b2u TT MO is localized 

mainly on the carbons, with very little fluorine overlap. 

In addition to this is the resonance interaction, which 

further stabilizes o MO's, but, in the IT MO, is C-F anti-

bonding and therefore destabilizing. Both the inductive 

and resonance interactions stabilize a energy levels, but 

the two effects work against each other in ir MO's and 

cancel each other either partially or completely. This 

selective effect is illustrated in Figure 5 for some 

ethylene ionization potentials. 

These arguments can be extended from molecular ion-

ization potentials to Rydberg term values, which are es-

sentially the ionization energies of the specific Rydberg 

states. Robin (5) has reported numerous examples of 

greatly increased term values for s Rydberg states upon 
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lb2u (10.51 eV) 

IFL N\ F\ 

: :• 
• f ; — w 

2b 2 u (10.52 eV) 

a 

lb2g (12.85 eV) 3b2g (16.40 eV) 

Fxg.S—The effect of fluorine substitution on o and 
TT ionization potentials (2). Solid lines represent areas 
where the wave function is positive, and dashed lines 
represent areas where the wave function is negative. 
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fluoridation. This is attributed to the fact that the s 

Rydberg orbital penetrates the molecular core to a great 

extent, and is therefore subject to the inductive stabilizing 

effect of the fluorine substituents. This stabilization is 

noted in the greatly increased term values of the s Rydberg 

states of the perfluoro compounds. As shown in Tables IV 

and V, the s Rydberg term values for bromo- and iodoethylene 

are 24 970 cm and 24 850 cm \ respectively; and, in their 

perfluoro analogs, these values are 29 498 cm-1 and 

29 053 cm 1, which is an increase of about 0.5 eV in each 

case. 

The term values of the p Rydberg states are also 

listed in Tables IV and V, and there is seen to be a dif-

ference in the effect of fluorine substitution on the p 

Rydberg states. The second of the revised assignments in 

iodoethylene should be noted at this point. One of the 

n£ +• IT peaks discussed here was assigned by Boschi and 

Salahub to a Fydberg series converging to the second ion-

ization potential, i.e., the IP associated with the non-

bonding electrons instead of the TT electrons. Since this 

peak is followed by several quanta of the same C=C stretch 

that was seen with other Rydberg peaks which originated 

with the ir orbital, it is here assigned to an np <- IT 

Rydberg series. In both bromo- and iodoethylene, there is 

a p Rydberg state that is nearly identical in energy to 



TABLE IV 

BROMOTRIFLUOROETHYLENE 
TERM VALUE COMPARISON 

32 

CH2=CHBr* CF„=CFBr 

IT IP 79 860 81 560 

ns +- 7T obs 54 735 52 062 
Term value 25 125 29 498 

np +• TT Vobs 61 862 63 710 
Term value 17 998 17 850 

np IT V i_ obs 59 584 59 510 
Term value 20 276 22 050 

n IP 87 880 96 320 

ns •*- n vobs 62 759 66 801 
Term value 25 121 29 519 

np n Vobs 69 881 78 438 
Term value 17 999 17 882 

np n Vobs 67 213 74 lbl 
Term value 20 667 22 139 

All energies are expressed in cm 

*Values from Ref. 7. 

-1 



IODOTRIFLUOROETHYLENE 
TERM VALUE COMPARISON 

33 

CH2=CHI* CF«=CFI 

TT IP 75 080 77 120 

N S •*- TT Vobs 50 231 48 070 
Term value 24 849 29 050 

np TT Vobs 58 302 60 248 
Term value 16 778 16 872 

np TT 
obs 55 475 55 804 

Term value 19 605 21 316 

n IP 81 240 90 360 

ns •<- n Vobs 56 948 61 357 
Term value 24 292 29 003 

m + N V , obs 64 400 73 497 
Term value 16 840 16 863 

np ^ n Vobs 61 493 68 904 
Term value 19 747 Zl 456 

All energies are expressed iii cm 

*Values from Ref. 8. 

-1 
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one of the £ Rydbergs in its perfluoro analog, and one that 

differs considerably in its term value. There are, of 

course, two possibilities here. One is that both states 

are altered in energy, one greatly increased in term value 

and the other decreased sufficiently to coincide with the 

original energy of the first state. This is considered to 

be much less likely than the alternative explanation: that 

one of the states is essentially unchanged in energy, and 

the other state is stabilized. 

Looking at the possible geometries of the £ Rydberg 

orbitals, it is easily seen that the orbital lying in the 

molecular plane (of a symmetry) is capable of substantial 

overlap with the fluorine atoms and therefore susceptible 

to inductive stabilization. In contrast, the p Rvdberg 

orbital perpendicular to the plane of the molecule and of 

tt symmetry cannot overlap the fluorine substituents, and 

would, therefore, be relatively unaffected by their presence. 

With this in mind, the state with the lower term value is 

assigned to the out-of-plane £ Rydberg transition, while 

the in-plane £ Rydberg state is seen to have a higher term 

value in the nonfluorinated compounds, and even more stabi-

lization when the initial interaction of the Rydberg orbital 

with the molecular framework is enhanced by the fluorine 

substituents. 
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The fact that no such differential interaction was 

observed for chloroethylene and chlorotrifluoroethylene (9) 

is indicative of the need for a species with a high degree 

of conjugation and derealization of the electron cloud. 

The spectra of both of these compounds contained peaks 

associated with transitions to p Rydberg states localized 

on the chlorine atom and not apparently interacting with 

the remainder of the molecule. Not only were these peaks 

present, but in some cases they were among the most intense 

bands present. No such atomic Rydberg assignments could 

be made in the bromo- and iodoethylenes; the spectral bands 

were readily assigned to the above described molecular 

Rydberg states and their vibrational components. 

Mention was made in the section describing the exper-

imental results of the red shift of the it* +- ir absorption 

upon fluorination. From purely spatial considerations, it 

is easily seen that the TT* orbital may overlap with the 

fluorine substituents to a greater extent than the TT orbital, 

which will be more localized between the carbon atoms. If 

the excited state is lowered in energy more than the ground 

state, the transition will of necessity be of lower energy. 

The a* orbital will have even greater overlap with the 

fluorine atoms than the TT* may have, since it is in the 

plane of the molecule, as are the fluorines. Therefore, 

the a* «- it absorption will be shifted to the red even more 
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than the ir* «- ir. This suggests that highly fluorinated com-

pounds have not one but two intravalent excited states which 

are more accessible to excitation than those in the analogous 

nonfluorinated molecules. In view of the widespread use of 

irradiation as a means of inducing reactions in molecules 

containing tt bonds (e.g. additions, polymerizations), it 

seems potentially profitable to investigate any possible 

influences on transition energies involving such bonding. 

The fluorinated analogs of some commonly used polymers 

made from olefinic compounds may prove to have advantageous 

properties and even more advantageous synthetic pathways. 

An investigation of how the monomeric components of these 

polymers respond to ultraviolet radiation after varying 

degrees of fluorination is a logical next step. If, as this 

study indicates, the fluorinated compounds have different 

excitation characteristics, some potential value in devel-

oping synthetic methods may result. Selective excitation 

of a single species in a mixture of partially-to-fully 

fluorinated compounds may even be possible. The resulting 

polymers would be expected to have different and possibly 

very beneficial properties. Indeed, fluorine containing 

polymers are already in use where resistance to chemical 

reactivity is required. 

The perfluoro effect, therefore, is seen to be most 

selective in systems where both resonance and inductive 
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interactions are possible, and where the extent of orbital 

mixing is at a miximum. In such systems, fluorine substi-

tution can not only assist in identifying ground state 

energy levels, but also provide information not easily 

obtained by other means; the spatial orientation of the 

occupied Rydberg orbital, in more highly symmetric mol-

ecules, where many of the possible transitions are syinmetry 

forbidden, the exact assignment of an absorption is more 

readily made. However, in molecules of lower symmetry, 

such assignments are difficuly. Characterization of the 

symmetry of an excited state, as well as a directional 

description of the transition dipole which produces that 

state, are fundamental matters underlying any spectroscopic 

study, A few other means of obtaining this information 

are available, such as the electric field techniques devel-

oped in this laboratory, but these are subject to instru-

mental difficulties (11). Therefore, to be able to distin-

guish transition characteristics by purely chemical means 

add another powerful weapon to the spectroscopic^'s arsenal. 

The shifting of energy levels within molecules is known to 

be a result of substituent changes, but to be able to shift 

these levels selectively and differentially approaches the 

subtlety of the "neat-fingered demon" of James Clerk Maxwell. 
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CHAPTER III 

MOLECULAR AGGREGATION 

New fields of research are sometimes opened acciden-

taiiy; an investigator notices some erratic or anomalous 

behavior of the substances being studied, and in pursuing 

the matter, sometimes uncovers questions of greater inter-

est than the one originally being studied. Fortuitous 

circumstances may thus be responsible for introducing new 

ideas and new directions into an investigative effort. This 

chapter deals with one such circumstantial discovery. 

In the process of studying the effect of perfluori-

nation on some haloethylenes (Chapter II), the vacuum 

ultraviolet absorption spectrum of iodoethylene was obtained. 

This spectrum was recorded at several different pressures 

in order to clarify some of the weaker bands which were 

otherwise obscured by base line noise. Upon casual in-

spection, there seemed to be some discrepancies between 

the expected increases in absorption intensity with in-

creased sample concentration, and the intensity increases 

actually observed. Therefore, a series of scans at varying 

pressures across the 1950 - 2000 $ region was recorded, and 

the oscillator strengths of the three peaks in this region 

were determined for each pressure. The peaks in question 
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were the (0,0), (0,1), and (0,2) vibrational members of the 

6s •*- IT Rydberg excitation, and are shown in Figure 6,. The 

(0,2) band was baseline resolved, and although the (0,0) and 

(0,1) bands were slightly overlapping, it was thought that 

they were sufficiently separated for accurate determination 

of absorption intensities. The results of these measure-

ments are shown in Figure 7. In this and other figures 

showing absorption intensity, this quantity will be ex-

pressed as the integrated absorption coefficient, /e(v)dv, 

unless otherwise specified. 

Instead of the straight line of zero slope predicted 

by the Beer-Lambert-Bouquer Law, the plots do show some 

change; an increased absorption which levels off at con-

centrations of about 2 X 10'4 mole/liter. It was thought 

that the capacitance manometer used with the McPherson 

Spectrophotometer (Chapter II, Experimental Section) for 

pressure measurements was introducing considerable impre-

cision into the study. Therefore, another absorption band 

in another compound was selected for study; the cr* «- n band 

of ethyl iodide. Since Amax for this band is 2350 £, it 

could be scanned on the Cary 14 Spectrophotometer, and a 

different pressure measurement system was used (see Exper-

imental Section below). The results of these determinations 

are also graphed in Figure 7, and show an initial decrease 

in absorption, followed by an increase. However, the a* <- n 
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Fig. 6 The vibrational components of the first Rvdbero 
absorption of iodoethylene, in the 1950 - 2000 8 region of 
the spectrum. 
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Fig. 7—The Integrated absorption coefficients of the 
® ^ band of ethyl iodide and the 6s n band of bromo— 
ethylene, plotted against concentration. 
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band is relatively intense, and sample pressures had to be 

kept low in order to prevent the recordings of the spectra 

from going off scale. 

At this point, it seemed evident that some phenomenon 

of interest was taking place; all that was required to 

study it was a suitable series of molecules. The criteria 

for selection of compounds for study were 

volatility at room temperature.—The spectra were 

to be taken in the vapor phase in order to avoid the com-

plications of solute-solvent interactions. This required 

compounds with a vapor pressure of at least 200 torr at 

room temperature. The actual sample pressures were expected 

to be well below this pressure, but it was thought advisable 

to avoid the possibility of saturation effects. 

Presence of a baseline resolved absorption band.—This 

criterion narrowed the range of possible compounds dras-

tically, but was of obvious importance of precision in 

intensity measurements was to be achieved. 

Relatively low intensity for this band.—Although the 

Cary 14 has the capability of measuring intensities up to 

two absorbance units, this requires switching from the 0-1 

to the 1-2 absorbance scale during a scan, which introduces 

an additional source of error into the measurements. In 

order to use sample pressures high enough to be measured 
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precisely and yet keep absorption intensities below one 

absorption unit, the band studied must be relatively weak. 

A permanent dipole moment.—Since there was to be no 

perturbind influence in the sample except the incident ra-

diation, it was felt that any unusual response to this 

radiation could be related to the environment of the ab-

sorbing molecule, and that such environmental effects 

would be enhanced by high polarity of the surrounding 

medium. 

A series of carbonyl compounds was found to satisfy 

all these requirements: volatility, ultraviolet absorption 

characteristics, and polarity, in short, the effect was 

looked for in the coumpounds in which it was likely to be 

the greatest, and under the conditions where it could be 

measured most precisely. The primary aim of the study was 

clarification of the nature of intermolecular interactions 

in these compounds, and more specifically, of the way in 

which these interactions effect molecular properties. 

Experimental Section 

A variety of experimental techniques, both spectral 

and physical methods, was employed in this study. The 

ultraviolet spectra were obtained on a Cary Model 14 

Recording Spectrophotometer (Applied Physics Corporation). 

Linearity of the photomultiplier tube response was checked 
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using a set of neutral density filters (Rolyn Optics, mfg. 

by Balzar) ranging from 0.05 to 1.50 absorbance units, and 

no deviation from linearity was detected. All the ultra-

violet absorption data collected were within the range 

spanned by these filters; in fact, as mentioned above, in-

tensities were kept below one absorbance unit. The infra-

red spectra were taken on a Perkin-Elmer Model 621 Grating 

Infrared Spectrophotometer (Perkin-Elmer Corporation) and 

a Beckman IR-33 Spectrophotometer (Beckman Corporation). 

In order to rule out interference effects, sample cells of 

two different path lengths were used; 10 cm. and 8.3 cm., 

and no variation in the results was detected. The 8.3 cm. 

path length was arbitrarily chosen as not being any even 

fraction of the 10 cm. path length, and therefore unable to 

reproduce any possible interference effects. 

Dielectric constants were measured by the standard 

frequency matching procedure. The apparatus used is shown 

Figure 3. A three kHz signal was fed directly into one 

side of a precision capacitance bridge (B), and also to a 

lock-in amplifier (L-I). Form the lock-in, the amplified 

signal was fed into one channel of an oscilloscope (X). 

The perturbed signal from the sample cell led from the 

opposing side of the capacitance bridge through an auxil-

iary three kHz amplifier (A) to another channel of the 

oscilloscope (Y). The reference signal from the signal 
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Fig. 8 -The dielectric constant apparatus, includincr a 
cross-section of the sample cell: S - signal generator, 
^ ~ loc^~in amplifier, B - capacitance bridge, A - aux-
iliary amplifier, C - sample cell, X and Y - oscilloscope 
channels, T ~ trigger, C - standard capacitor. The sample 
cell is surrounded by a copper wire Faraday cage. 
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generator and the perturbed signal from the cell were bal-

anced across the capacitance bridge (Gertsch Ratiotran, 

Gertsch Products, Inc.), which was capable of being read 

to eight places, with precision of six places. The bridge 

was balanced by frequency matching with the oscilloscope. 

The chemicals used were all of the highest grade a— 

vailable commercially, and were further purified under 

vacuum before using (see Chapter II Experimental Section). 

Data were collected over a sample pressure range of about 

four to forty torr of the compounds studied. A U-tube 

manometer of six mm. internal diameter filled with high 

grade, low vapor pressure diffusion pump fluid (Dow Corning 

705, density = 1.0291 g/cm ) was used to measure pressures. 

The experimentally measured sample pressures were converted 

to molar concentrations to allow correction for slight 

temperature variations. Although these fluctuations in 

ambient room temperature were small (294°K - 302°K), it 

was thought advisable to make the conversion to concen-

tration, since absorptivity is correctly a function of 

molarity, not pressure. 

Molecular weights were determined by allowing a 

known weight on the sample gas to expand into a known vol-

ume, and measuring the temperature and pressure. The 

volume of the vacuum line was calibrated by expanding a 

measured weight on n-pentane into it, reading the pressure 
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and temperature, and assuming ideal behavior. Since widely 

varying weights and pressures of n-pentane gave the same 

volume for the line, this assumption seems valid. Cali-

bration runs were taken over the same pressure range as was 

used for the molecular weights. 

There are some additional experimental points of in-

terest. The absorption bands were replotted so as to be 

linear with respect to wave number before the areas under 

the bands were measured. Midway through the investigation, 

the Cary 14 was interfaced with a 48K Apple 11+ Microcom-

puter (Apple Corporation), and the replotting and integration 

were subsequently done by computer. A number of previously-

run determinations were repeated before proceeding further, 

and the same trends were observed. Also, a number of data 

points for each compound were run with the automatic slit 

adjustment turned off, since slit width and resolution 

effects are known to affect the absorption intensity. Points 

determined in this manner corresponded with those taken with 

the programmed slit adjustment in operation. Additionally, 

runs taken on each day were numbered in sequence to deter-

mine whether there was any correlation between intensity 

variations and the position in sequence (i.e., whether the 

first run of each day was higher in absorptivity, or the 

last run). This precaution was taken in order to check for 

such things as build-up in the sample cell, and none was 

observed. 
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At this point, some mention of experimental error is 

appropriate. For the pressure measurements, a typical con-

centration of 8 X lo"4 mole/liter corresponds to a manometer 

deflection of ca. 20 cm. The measured leak rate of the 

combined vacuum and sample system used was less than 

0.15 cm/hr., and all but the timed runs were completed in 

less than half this time. Therefore, a total of 0.5 cm. 

(+ 0.25 cm.) corresponding to a range of three per cent 

seems a generous estimate. Similarly, repeated checks of 

the absorbance measuring process gives a comparable value, 

making the total error bars on the order of six per cent. 

Since the results obtained reveal changes of up to twenty 

per cent, these are well outside the experimental limits 

on precision. The dielectric constant measurements are 

somewhat less precise. The extreme sensitivity of the 

appratus necessary to detect capacitance changes in the 

0.1 picofarad range also leaves the instrument subject to 

fluctuations from stray capacitances, drafts, oscilloscope 

noise, etc. Comparison of the values obtained from numerous 

duplicate runs suggest error bars of ten to twelve per cent. 

Results and Discussion 

The compounds studied were acetaldehyde, propionalde— 

hyde, cyclobutanone, acetone, butanone, and 3-pentanone. 

Table I contains the relevant molecular parameters of 

these compounds; dipole moments, polarizabilities, and 
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Xmax o f t h e n absorption. Plots of the total integrated 

areas under the absorption curves, /e(v)dv, are shown in 

Figures 9-14. As can be seen, the graphs for acetone, 

butanone, and both aldehydes show damped oscillations which 

approach constant values at higher concentrations. Similar 

plots for 3-pentanone and cyclobutanone show smaller var-

iations which are neither periodic nor regular. 

Very definite extrema are seen in the absorptivities 

of both acetone and acetaldehyde. For acetone, minima 

occur at concentrations of 4.8 X 10~4 and 13.0 X 10~4 

moles/liter, and maxima at 8.5 X 10~4 and 16.5 X 10~4 

moles/liter. The corresponding extrema in acetaldehyde 

occur at slightly lower concentrations: minima at 

4.2 X 10 , 11.0 X 10 , and 14.3 X 10 4 moles/liter, and 

maxima at 7.8 X 10 and 13.6 X 10 4 moles/liter. The 

span of one complete oscillation is also less in acetalde-

hyde than in acetone, as can be seen from the figure. The 

absorptivities of both propionaldehyde and butanone oscil-

late with a shorter periodicity than those of acetone or 

acetaldehyde. Propionaldehyde has maximum absorptivities 

at concentrations of 4.1 x 10-4 and 8,7 X 10~4 moles/liter, 

and minima at 2.3 X 10~4 and 6.1 X 10~4 moles/liter. The 

corresponding points for butanone are: maxima at 4.2 X 10-4 

and 8,3 X 10 4 moles/liter, and minima at 2.0 X 10~4, 

— 4 — 4 
6.3 X 10 , and 11.5 X 10 moles/liter. As is seen in the 
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Fig 9--The integrated absorption coefficients and 
molar polarization values for different concentrations of 
acetone. The upper graph shows the molar polarizations P 
as a function of concentration in moles/liter, and the ' ' 
ower graph shows the absorption coefficients over the 
same concentration range. 
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Fig. 10 The integrated absorption coefficients and 
molar polarization values for different concentrations of 
acetaldehyde._ The upper graph shows the molar polarizations 
P, as a function of concentration in moles/liter, and the 
lower graph shows the absorption coefficients over the 
same concentration range. 
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Fig. 11 The integrated absorption coefficients and 
molar polarization values for different concentrations of 
butanone. The upper graph shows the molar polarizations, 
P, as a function of concentration in moles/liter, and the 
lower graph shows the absorption coefficients over the 
same concentration range. 
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Fig. 12—The integrated absorption coefficients and 
molar polarization values for different concentrations of 
propionaldehyde. The upper graph shows the molar polar-
izations, P, as a function of concentration in moles/liter, 
and the lower graph shows the absorption coefficients over 
the same concentration range. 
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Fig. 13—The integrated absorption cofficients for 
cyclobutanone at different concentrations in moles/liter, 
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Fig. 14 The integrated absorption coefficients for 
3-pentanone at different concentrations in moles/liter. 
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figures, none of the compounds show more than two peaks in 

absorptivity before leveling off. 

Neither cyclobutanone now 3-pentanone had this oscil-

latory behavior in absorptivity. Cyclobutanone does have 

one peak which may correspond to an absorptivity maximum, 

but the variation is too small to be conclusive. The most 

notable feature of these graphs is the initial decrease in 

absorptivity. This downward trend at low pressures 

(between two - four torr) was observed for all the com-

pounds, and will be discussed in more detail in a later 

section. 

Since absorptivity is a function of both ground state 

and excited state properties, it was decided to undertake 

studies of these compounds in the electronic ground state 

to determine if ground state properties indicate similar 

behavior. 

The property chosen for measurement was the dielectric 

polarization, since this is known to be an extremely sen-

sitive gauge of molecular environment and interaction. 

Vapor phase dielectric constants for acetone, butanone, 

and the aldehydes were measured over the same sample pres-

sure range as was studied in the absorption measurements. 

Plots of the Clausius-Mosotti function, or molar polar-

ization ( ) v s density in moles/cm
3 are shown in 

Figures 4 - 9 accompanying the absorption graphs. The 
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juxtaposition of these two graphs in each figure points up 

very clearly the fact that the extrema in these curves 

occur at approximately the same concentrations. Figure 10 

is a graph of the molar polarization of cyclohexane, a 

relatively nonpolar (y = 0.13D) compound, which was obtained 

both for comparison purposes and to calibrate the technique. 

If the theoretically expected values of the molar po-

larizations are calculated from the Debye equation (3), the 

experimental values are seen to be more than an order of 

magnitude more than those calculated for the carbonyl com-

pounds. These values are listed in Table II. In contrast, 

the predicted polarization of cyclohexane is seen to lie 

well within the range of the observed values. This indi-

cates that the explanation for the elevated carbonyl values 

lies not in the experimental technique, but in some molecular 

events occurring in the sample. An additional point of 

interest in the dielectric measurements is the low frequency 

signal used for the measurements. Dielectric polarization 

is considered to have both atomic and electronic components 

(4), depending on the means of measurement. At optical fre-

quencies or higher, only the polarization due to the move-

ment of electrons can be observed, since the atoms cannot 

move quickly enough to follow the oscillations of the sig-

nal. At lower frequencies, however, both components of the 

molar polarization are present. With the three kHz used in 
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TABLE II 

POLARIZATION COMPARISON 

P* i P calc. exD. 

Acetone 193 3.4 X 10 3 - 5.3 X i o 3 

Butanone 180 4.9 X 10 3 - 7.5 X 10 3 

Acetaldehyde 161 3.0 X 10 3 - 4.3 X io 3 

Propionaldehyde 147 5.3 X io 3 - 6.5 X io 3 

Cyclohexane** 32 30 - 54 

•Calculated from the Debye equation (3). 

**P calculated using a = 12.5 X 10~24 cm3, and 
y = 0.13D. 
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the present measurements, the results may be considered to 

be closely approaching the static dielectric constants. 

Further investigation into the environmental pertur-

bation of the dipole moments of the compounds was clearly 

indicated. It was thought that the change in dipole moment 

during vibration might be in some manner affected by the 

surroundings. Therefore, an examination of the effect of 

pressure on the infrared spectra of these compounds was 

undertaken. The spectra were recorded over the same pres-

sure range used in the intensity and polarization measure-

ments, and some variations were observed. 

The 1000 - 1800 cm-"'" region of the acetone spectrum is 

shown in Figure 11, scanned at five different sample pres-

sures. One obvious feature of this series of spectra is 

the band at 1575 cm-"'", which appears and disappears as the 

sample pressure is changed. This particular band is midway 

between the carbonyl stretching band (1740 cm and the 

symmetric CH^ deformation at 1440 cm-1 (5). There are two 

probable explanations for this additional band. One is that 

one of the neighboring bands has been shifted in energy by 

some perturbing influence. Since the only perturbing in-

fluence present in these samples are other molecules of the 

same species, this would be suggestive of some degree of 

molecular aggregation. The other explanation is that this 

new band is unrelated to any of the others, and is simply 
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MOLECULAR PARAMETERS 

A ir* *• n max — y(D)a o(8 3)b 

Acetone 2765 2.93 6.39 

Butanone 2778 2.78 7.95 

Acetaldehyde 2876 2.69 4.59 

Propionaldehyde 2915 2.52 6.25 

Cyclobutanone 2845 2.89 

3-pentanone 2905 2.74 

(a) Values from Ref. 1. 

(b) Values from Ref. 2. 
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Fig. 16—Acetone Infrared Spectra at Selected Pressures, 
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an additional band. Since all five of the scans pictured 

were taken from the same sample within the span of a few 

hours, the presence of an impurity is unlikely. In addition, 

this additional band was reproduced some months later on a 

different instrument. The presence of an extra absorption 

is indicative of another species present in the sample and, 

once again, some molecular aggregation is suggested. An 

additional band which appears and disappears in the same 

manner is also seen at 1600 cm"1 in acetaldehyde (Figure 12). 

The peaks in the IR spectra of propionaldehyde and butanone 

are both less sharp than those for acetone and acetaldehyde, 

so a well-defined additional band was not observed. There 

was, however, a shoulder on the low energy side of the 

carbonyl stretching band in butanone which showed some in-

tensity variation with pressure. Other variations were 

also noted upon careful inspection of the spectra. The 

relative peak heights change with pressure variations. These 

intensity changes will be discussed in more detail in a 

later section. 

The observation of additional absorptions, and the 

erratic changes in relative peak intensities, suggests the 

presence of more than one absorbing species in the samples. 

Therefore, additional evidence in the form of effective 

molecular weights was sought in order to verify or refute 

these indications of molecular aggregation. Treating acetone 
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Fig. 17;—Acetaldehyde Infrared Spectra at Selected 
Pressures. 
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as the prototype for the group of compounds, a series of 

molecular weight determinations was run under conditions 

which spanned the same pressure range used in the spectral 

studies. As is shown in Table III, the molecular weights 

obtained were, in fact, larger than the 58.1 g/mole of the 

acetone monomer at all but the very lowest pressures. Some 

aggregational behavior, then, is clearly involved, but it 

stops short of actual chemical polymerization or condensation 

because mass spectrometric and gas chromatographic analysis 

of the samples which gave these oscillatory data showed only 

the presence of the acetone monomer. 

In an attempt to clarify whatever process was occurring 

in the samples, two time-dependent investigations were done,),, 

again treating acetone as the representative molecule. The 

first involved releasing a known weight of acetone into the 

vacuum apparatus, and then reading the pressure at timed 

intervals. If some reaction is occurring which changes the 

number of moles of gas, the pressure should reflect this. 

The pressure readings are plotted vs time in Figure 13, and 

show a small decrease which levels off exponentially. The 

change is too small to account for the variations seen in 

the spectral and physical properties, and is most probably 

a result of absorption by the stopcock grease. In addition, 

absorption intensities were run at selected pressures, the 

samples were left in the cell, and the measurements repeated 
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TABLE VIII 

EXPERIMENTAL MOLECULAR WEIGHTS FOR ACETONE 

Concentration Weight 

(X 10~4 m./l.) (g./mole) 

2. 31 . 59.5 
2.95 63.4 
3.76 66.2 
4.34 68.1 
5.50 67.3 
6.59 65.2 
8.04 . 69.0 
9.65 69.2 

10.3 68.0 
11.6 72.6 
12.6 . 72.5 
13. 7 74.8 
14.5 80.1 
14.9 . 81.0 
15.8 82.3 
17. 2 79.6 
17. 9 80.2 
19. 0 80.8 
20.2 . 85 .2 
20.7 93.1 
21. 3 88.8 
22.6 92.0 
23.1 96.4 
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Fig. 18—Timed pressure readings for two samples of 
acetone. 
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at timed intervals. These data extended over a longer time 

than the pressure readings due to the time required to scan, 

record, and integrate the spectra. Two pressures were 

studied, one which gave a maximum absorption coefficient, 

and one which gave a minimum. The results are given in 

Figure 14, and show some erratic variations; however, these 

are still too small to account for the observed oscillatory 

behavior of the absorption coefficients. It seems evident, 

therefore, that any process that may be occurring does so 

on a time scale not measureable by these means. 

An approximate check on the temperature dependence 

of the absorption coefficients was made by a method similar 

to that used for the time dependence. The sample cell was 

wrapped with heating tape, and the sample absorption at 

room temperature was measured. The heat control was set at 

a constant setting for five, ten, fifteen minutes, etc., 

and the absorption measured after each heating interval. 

This process was continued until no further change was seen 

in the absorption measurement. The sample was then per-

mitted to return to room temperature, and the absorption 

run again. As before, this was done at two pressures cor-

responding to maximum and minimum absorption. The results 

are shown in Figure 15, and do indeed indicate some tem-

perature dependence. The lower curve represents the 

-4 
12.3 X 10 moles/liter concentration sample, and it varies 
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Fig. 19—Timed absorption measurements for two samples 
of acetone. 
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Fig. 20—Absorption intensity of two heated acetone 
samples. 
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-4 

only slightly. The upper curve, which is at 8.5 X 10 

moles/liter concentration, approaches the lower curve and 

remains there after cooling. The sample cell was not 

designed to permit measurement of internal temperature while 

in use; but a rough estimate, made by repeating the heating 

process without the sample gas and removing one of the 

windows to insert a thermometer, gave a final temperature 

of about seventy-five degrees Celcius. 

One additional check was made. Polymerization reac-

tions may be enhanced by collisional stabilization of the 

intermediates, and it was thought that measurement of the 

absorption with and without a nonabsorbing gas would be 

informative. The gas used was SF-, both because of its 
O 

availability and ite weight. Collisional energy transfer 

is more effective with heavier molecules (6). The first 

measurement after the sample was pressurized showed a 

marked increase, due to the acetone in the sample cell 

inlet being forced by the entering SF^ into the cell. 

However, upon allowing the sample to return to its original 

concentration by diffusion, the absorptivity returned to 

its original value, as shown in Figure 16. The indication 

is that any collisional process must involve the sample 

molecules themselves to be effective. Other collisions 

have no effect. 
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Fig. 21--Absorption intensity of a pressurized sample 
of acetone. 
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Conclusions 

The interpretation of these results requires the cal-

culation of the concentrations of the various species sus-

pected to be present at each of the sample pressures. The 

concentrations must fit the molecular weight data obtained. 

In addition, they must fit the spectral results observed. 

Lastly, an explanation of the properties and characteristics 

of each of these species is necessary to be consistent with 

the interpretation of the spectral data. It must be shown 

why an acetone molecule in a dimeric configuration absorbs 

light differently than an isolated molecule. Similarly, the 

resultant effective dipole moment and the polarizability 

change upon aggregation, and these changes require eval-

uation and description. 

To begin with, rough estimates were made of the absor-

ption coefficients of the various size aggregates. These 

aggregates will, in the discussion which follows, be re-

ferred to as the dimer, trimer, etc., with the reservation 

that these terms do not imply actual chemical combinations, 

but more loosely bound species. Monomeric acetone was 

taken to have the highest absorption coefficient, and the 

larger species to be less absorptive. This was done be-

cause the first trend at the lowest pressures was downward 

to lesser absorptivity. It was considered probable that 
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this represented the first step of the process? the initial 

formation of dimer. 

An additional guideline used in the fitting process 

arose from a study (7) on the formation of molecular clus-

ters. The point brought out in this work was that the 

formation of trimers did not begin until a substantial con-

centration of dimer was present, and that tetramers were not 

formed until appreciable amounts of trimer were present. 

The build-up of the individual polymeric species is there-

fore sequential in nature. The theoretical basis for this 

sequential formation is the relative collision probabilities. 

Once a dimer has been formed, its probability of collision 

with a monomer to form a trimer far exceeds the probability 

of a collision with another dimer to form a tetramer. The 

reason for this is that there are more monomers present and 

available for collision until and unless the dimer concen-

tration becomes large enough to have comparably high col-

lision probability. The factor working against such a large 

dimer concentration is the one mentioned above; the high 

probability of nomoner-dimer collisions to form trimers. 

In a sense, therefore, each size aggregate may act as a 

steady-state intermediate in the formation of the next 

larger aggregate. Other influences on this process, such 

as differences in the polarity of the polymeric species and 

differences in the attractive forces between them will be 

dealt with later; the above arguments are based strictly 



88 

on considerations of size and concentration of the possible 

aggregates formed. 

Utilizing these guidelines, the acetone absorption date 

were fit to a set of concentrations and UV absorption coef-

ficients. The resultant individual concentrations are shown 

in Figure 17, plotted against the total concentration. It 

should be mentioned here that the individual concentrations 

plotted on the y-axis are the moles/liter of acetone that 

are present in the dimeric or polymeric form. Therefore, 

the actual concentration of the dimer would be one-half that 

shown on the graph, the trimer one-third, and so on. In the 

same manner, each absorption coefficient is for an indi-

vidual monomeric molecule in the designated configuration. 

4 

For instance, the 5.0 X 10 absorptivity listed for the 

dimer is for each acetone monomer present in dimeric form; 

the absorptivity of the entire dimer is twice this. Looking 

at the concentration plot, the sequential formation discussed 

is clearly seen. This was built into the fitting process. 

However, another feature seen in the plot, and one which was 

not a priori assumed, is the similarity of the slopes of the 

aggregate formations. This is suggestive of a correspond-

ingly similar formation process, which would indeed be the 

case if each specie was produced by the collision of a 

monomer with the next smaller size polymer. 
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Fig. 22—Individual concentrations in moles/liter of 
acetone aggregates, plotted against total concentration, 
also in moles/liter. Absorption coefficients are: 

= 11.3 X 104 

4 
e- = 5.0 X 10 d 4 
et = 10.4 X 10 

e, . = 5.4 X 104 tet 4 
e = 10.7 X 10 
p 4 
e, = 8.5 X 10 
h 
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The next issue to be addressed is that of the differing 

spectral properties of the aggregates, which are dependent 

on the relative orientations of the monomeric components 

within the aggregates. The theory of hypochromism, which 

was developed (8) to explain the loss of absorption inten-

sity in polynucleotides, is applicable here. The ultraviolet 

absorption of the component base pairs was observed to 

decrease by about thirty per cent when formed into the poly-

nucleotide, and seen to return to the original absorptivity 

upon denaturation. This intensity change occurred without 

any observable change in the frequency of the absorption. 

In order to account for this, classical dispersion theory 

was invoked, but in a more rigorous form; i.e., without 

making the point dipole approximation. This simplification, 

also referred to as the point absorber approximation, is 

valid for the calculation of effective fields sufficiently 

far away from the absorbing molecule that the local oscil-

lating dipole produced by the incident radiation can be 

considered a point dipole, and both angular and exchange 

effects neglected (9). Basically, the classical description 

is that the electromagnetic radiation produces an oscil-

lating dipole upon absorption, and this in turn produces an 

induced field which affects neighboring molecules (8). The 

induced field falls off rapidly with distance, but at dis-

tances of a few angstroms, neither its magnitude nor its 
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angular variation can be neglected. Since the distances 

involved in loosely bound, or van der Waals molecules are 

in this range, it would be well to examine the process 

responsible for the hypochromic effect. 

Looking more closely at the short range induced fields 

from the point of view of classical electromagnetic theory, 

an electron that has been excited and caused to oscillate 

has associated with it lines of force extending perpendic-

ular to the direction of oscillation (10). This is pictured 

in Figure 18, where the arrow is the oscillating electron, 

and 0 is the angle between the direction of oscillation 

and the force vector extending to some point P. This force 

is proportional to sine 0/R, where R is the distance from 

the oscillator to P. The resultant potential V exerted by 

the oscillating electron is proportional to the square of 

the force: 

V % F2 ^ sin20 / R2 , 

and the electric field felt at point P is (10) 

Ep 'v -dV/dR ^ sin20 / R"̂  . 

-3 

With the dependence on R , the electric field falls off 

rapidly with distance. Consider, therefore, two acetone 

molecules in dimeric configuration as shown in Figure 19 

(5,11). It can be seen that one of these molecules will be 

strongly influenced by the field of the other. How much 

it will be affected depends both on distance and angular 
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R 

0 

Fig. 23—Field of an oscillating electron. The arrow 
indicates the direction of oscillation. 
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factors. The center of one of the carbonyl bonds is equi-

valent to point P in the preceeding figure, and the angle 

0 between the axis of one of the carbonyl bonds and a line 

connecting their centers is 90°. The distance factor R/r, 

is the ratio of the distance between the carbonyl bonds 

and the length of these bonds. The magnitude of this 

effect and the resultant decrease in absorbance have been 

worked out in detail for two ethylene molecules (8), and 

these results are plotted in Figure 20. In this figure, 

for 0 = 90°, the two molecules are side by side/ and for 

0 = 0 ° , they are end to end. The change in absorption in-

tensity compared to the intensity for separated molecules 

is df/f^. All of the above is, admittedly, a classical 

picture of the interaction, however, it is seen to describe 

adequately the experimental results. 

From the dimensions given for the acetone dimer in 

Figure 19, the ratio R/r is slightly greater than two, and 

looking at the 90° curve in Figure 20, a decrease in oscil-

lator strength of over one-half would be predicted. This 

was born out by the results of the fitting process, which 

gave the best fit for a monomer absorption coefficient of 

4 4 
11.3 X 10 and a dimer coefficient of 5.0 X 10 . If one 

then adds a third acetone molecule to the dimer configu-

ration shown, some increase in the distances between the 

molecules would be predicted. If the third is coplanar 
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with the first two, there will be steric hindrance from 

the methyl groups. If the third is placed above the other 

two, steric hindrance should be minimized, but there will 

still be more separation because the attractive partial 

charges will be delocalized over three centers instead of 

two. Both of these possibilities are shown in Figure 21. 

Since the effect falls off rapidly with distance, the 

trimer absorption coefficient should be fairly close to that 

4 

of the monomer. The best fit of the data gave 10.4 X 10 

for this value. Continuing to add acetone molecules to 

form larger aggregates, the most favorable configuration 

for the tetramer is most probably a double layer of dimers, 

with each carbonyl oxygen having a carbonyl carbon atom 

above it and beside it, and vice versa. This is the config-

uration which would result if a fourth acetone molecule 

were inserted into the upper structure in Figure 21. In 

this way, the partial charges are balanced, and the dipole 

attraction is maximized. Another point brought out in the 

study on molecular clustering already referred to (7), is 

that optimum structures have the maximum number of "bonds" 

or attractive linkages. This double layer structure fills 

this requirement. Because of its advantageous charge bal-

ance and compactness, the tetramer would be predicted to 

have an absorption coefficient much lower than that of the 

monomer and trimer, and close to that of the dimer. The 
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4 
data fitting gave this coefficient a value of 5.4 X 10 , 

4 

which compares closely with the 5.0 X 10 already quoted 

for the dimer. 

At this point, a pattern is emerging; aggregates with 

odd numbers of acetone monomers have higher coefficients, 

while those having even numbers of monomers and being ca-

pable of balancing the electrostatic attractions, have 

lower coefficients. In even larger aggregates than the 

tetramer, the absorptivities of both the odd and even num-

bered clusters should increase due to separation of the 

molecules by crowding. This was, in fact, the case. The 
4 

pentamer coefficient was 10.7 X 10 and the hexamer was 

8.5 X 104. 

Figure 22 shows the absorption curve calculated from 

these concentrations and coefficients, along with the 

observed data for comparison purposes. Also used in the 

fitting process were the observed molecular weights, and 

these are plotted in Figure 23, with the weights calculated 

from the individual concentrations also shown. Since both 

the absorption and the molecular weight data were used to 

generate the concentrations and coefficients, they are not 

introduced here in support of these results, but merely to 

demonstrate goodness of fit. The approach used here of 

testing various concentrations and properties of polymeric 

species until a set is found that reproduces the observations 

is the accepted method of treating experimental data when 
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Fig. 27—Experimental and calculated absorption coef-
ficients for acetone, plotted as a function of concen-
tration in moles/liter. X = experimental points, and 0 — 
points calculated from the polymer concentrations. 
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Fig. 28--Experimental and calculated molecular weights 
for acetone plotted as a function of concentration. X = 
experimental data and 0 = calculated weights. 
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the data indicates the presence of more than one species 

in the samples (12). 

Some mention should also be made of the two compounds, 

cyclobutanone and 3-pentanone, which did not show oscillating 

absorptivities, but did show the initial decrease at low 

pressures. It can be seen that 3-pentanone, with bulky 

ethyl groups, would be sterically hindered from forming 

the dimeric structure shown in Figure 19. Since it is of 

about the same polarity as the other compounds, it should 

show some tendency toward association, and it would be 

expected to do so in the end to end configuration instead 

of side by side. As was shown in Figure 20, two molecules 

with a zero degree angle between them also show a substantial 

decrease in absorptivity, and this was seen in the low 

pressure region of the data for 3-pentanone. Given the 

bulkiness of the molecule, it would not be expected to 

undergo any other form of association. If a three member 

chain were formed, the delocalization of the dipole attrac-

tion would, as with acetone, be expected to weaken the 

hypochromic effect, and similarly with longer chains. 

The case of cyclobutanone is less straightforward. It 

is less bulky than 3-pentanone. It, too shows the initial 

decrease in absorptivity, which is attributed to the same 

type of associational behavior as described for 3-pentanone. 

In addition, there is a suggestion of an absorptivity peak, 
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but the variation is too small to be conclusive. It may 

be a hybrid between the two types of molecules, showing some 

aggregational behavior both in the end to end and the side 

by side configurations. 

Looking next at the dielectric data with these aggre-

gational structures in mind, the effect of polarizability 

is seen. The unusually high values of the molar polari-

zation have already been mentioned. The polarizability 

required to give this polarization has been calculated for 

the dimer using the Debye equation (3): 

P - ill ( a + JL. ) 
P - 3 3 kT 

In this equation, N is Avogadro's Number, a is the polar-

3 
izability in cm , y is the dipole moment in Debyes, k is 

the Boltzmann constant, and T is the absolute temperature. 

3 3 

Taking the value of P = 3.8 X 10 cm for the dimer (the 

value at the concentration containing the largest amount of 

dimer), and assuming no net dipole moment, the value of a 
-24 3 

obtained is 546 X 10 cm . Depending on whether one 

treats this volume as cubic or spherical, either the side 

of the cube or the radius of the sphere is calculated to 

be 5.07 $ or 8.3 S, respectively. It would be very helpful 

if there were data on the polarizabilities of these compounds 

available for comparison. Unfortunately, no such experi-

mental observations have been found. Collision cross-

sections are reported for some species, although most 



106 

reports concern very small collision complexes. However, 

if one looks at the carbon dioxide van der Waals dimer, its 

cross-section is reported to be 210 £ 2 (13). If an effect-

ive volume is calculated from this value, the result given 

is about 2300 8 3. For a loosely bound dimer of this size, 

a polarizability of 546 8 3 is a reasonable value. Also, 

the polarizability is in the same range as that found (14) 

for the first s Rydberg state of the acetone monomer (450 8 3 

+ 140 R 3). Although Rydberg states are known to be large 

and diffuse (Chapter I), the van der Waals dimer is not only 

quite large, but is also more loosely bound than a single 

molecule. 

An additional point which may clarify the bonding is 

these species is that the dipole attraction between two 

acetone monomers in the electronic ground state falls off 

as r . This is in contrast to the dependence on r seen 

when one of the molecules is in an excited state and reso-

nance forces are in operation (15, 16). From this it is 

seen that the attractive forces binding the dimer are 

weaker in the absence of UV radiation, i.e., in the capac-

itance cell. In view of these considerations, the values 

of the polarizations are consistent with what is known 

about the properties of these molecules. 

At higher concentrations, the formation of the trimer 

adds as even more polarizable species, this time one with 
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a dipole moment. As expected, the molar polarization in-

creases greatly. As the trimer concentration decreases with 

formation of tetramer, the polarization also decreases, al-

though with several species present, the situation is too 

complex for specific calculations. However, the dielectric 

data are consistent with the molecular cluster model pre-

sented. 

As mentioned in the results section, some additional 

points were checked. Two acetone molecules held together 

may react to form the condensation product. Although the 

aldol condensation normally requires a catalyst, the fact 

that the molecules are held in close proximity for long 

periods of time, instead of the more usual closeness only 

for the duration of a collision, may facilitate the un-

catalyzed reaction. Related to this is the observation 

that the age of the sample affected the results. If a 

sample was left on the vacuum line for over a week, it no 

longer showed the variation in absorption coefficient with 

pressure. The measured absorptivity of these "aged" 

samples was the same as those of the high pressure samples, 

i.e., the value to which these coefficients level off with 

increased pressure. In addition, a rough check on the 

composition of one of these "aged" samples by mass spectro-

metry and gas chromatography showed the presence of some 

species of much greater molecular weight, indicating that 
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some reaction had. indeed, taken place. Visual inspection 

revealed a highly refractive surface film on the sample. 

At this point, another look at the infrared intensities 

is in order. Figure 24 depicts the logarithm of the nor-

malized %T readings for the most intense bands of acetone 

(normalized in this context means normalized with respect 

to concentration). Of particular interest is the apparent 

intensity borrowing seen between the C=0 stretch at 

1740 cm-1 and the A1 CH3 "umbrella" deformation at 1440 cm
 1* 

These two modes are of the proper symmetries and close 

enough in energy to mix, although any resultant frequency 

shift was not resolvable. However, a look at the infrared 

intensity graph of acetaldehyde (Figure 25) suggests that 

the situation may not be that straightforward. The two 

bands showing strong interaction are the 1285 cm 1 and the 

1775 cm-1, which, as in acetone, are the C=0 stretch and 

the CH^ unbrella deformation. If this were a simple mixing 

of modes according to perturbation theory, then the 1285 

and 1135 cm-1 bands would be expected to mix, since the 

energy difference between them is smaller. It is unknown 

at this point whether the matrix element for the interaction 

is larger for the bands that do mix, or whether there is 

some physical influence from neighboring groups. Infrared 

intensity graphs for butanone and propionaldehyde are given 

in Figures 26 and 27, but the variations are less well 



109 

Fig. 29- -Infrared intensities of the most intense 
bands of acetone, plotted as a function of concentration, 
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Fig. 30—Infrared intensities of the most intense bands 
of acetaldehyde, plotted as a function of concentration. 
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Fig. 31—Infrared intensities of the most intense bands 
of butanone, plotted as a function of concentration® 
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Fig. 32—Infrared intensities of the most intense bands 
of propionaldehyde, plotted as a function of concentration. 
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defined, as was the case with the "extra" band discussed 

previously. 

All of these data indicate an unusually great spec-

ificity of interaction in these compounds; specificity with 

respect to distance, orientation, and relative electronic 

distribution. Many other compounds may also have this 

specificity of interaction, but the interactions are not 

strong enough to produce observable bulk effects. The 

high polarity of the carbonyl group enhances the probability 

that microscopic events will occur with enough force to be 

seen. This ability to bridge the gap between the molecular 

level and the laboratory experiment makes these compounds 

worthy of more study. The temperature dependence and ther-

modynamic description of this aggregation process would be 

of particular interest. This would require designing a 

sample cell to permit simultaneous measurement of absorp-

tion and temperature. The time scale on which this process 

takes place is also unclear. It seems probable that the 

aggregation is very fast, and kinetic measurements may be 

quite difficult. Some means of measuring the relaxation 

to the ground state may be best method to clarify the 

changing composition of the sample, since such relaxation 

times should be highly dependent on the surroundings. Some 

of the most intriguing data were from the XR spectra. More 

highly resolved spectra would clear up the ambiguity of 
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the possible frequency shifts, and this would indicate 

whether the intensity changes were physical or quantum in 

cause. Since coupling between the electronic and vibrational 

excitations is certainly occurring in acetone (the electronic 

transition is symmetry forbidden), clarification of the 

vibrational interactions may also explain the ultraviolet 

absorption data in more depth. 

In summary, the IR spectra and the elevated molecular 

weights demonstrate the presence of more than one species 

present. Since the samples were freshly purified amounts 

of a single substance, any other species present must be 

some combination or combinations of that substance. The 

spectral and dielectric data are also consistent with this 

model. Instances of such high selectivity and specificity 

as has been seen in the compounds in both parts of this 

study, are rare. The tendency to infer generalities from 

observed facts is common among scientists, and, in fact, is 

a valuable trait. But the necessity for specifics will 

always be with us, both to verify the generalities and to 

begin the process of discovering new ones. The chief dif-

ficulty in this work has been the lack of such generalities; 

rules of thumb, so to speak, and it is to be hoped that 

this will be one of the instances referred to above--that 

of beginning the discovery of a new general rule. 
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APPENDIX A 

PRELIMINARY VACUUM ULTRAVIOLET STUDY 

The following is a copy of a publication which re-

ports work which led to the investigation of the perfluoro 

effect on Rydberg states. The bromoethylene spectrum 

reported in the paper was used as part of the comparison 

base for the fluorinated compounds. 
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Abstract: The vacuum ultraviolet spectra of bromoethylene, 1,1-dibromoethylene, and cis- and trans-1,2-dibromoethylene are 
reported. The V N(tt* ir) transition energies (52 200-46 500 cm"1) are lower than those reported for the corresponding 
chloroethylenes and decrease upon additional bromine substitution. Other assignments made are ns, Aip, and nd Rydberg series 
converging on the ir and nonbonding ionization potentials and associated vibrational components. As determined by this 
means, the ir ionization potentials are: bromoethylene, 9.90 ± 0.01 eV; 1,1-dibromoethylene, 9.78 ± 0.01 eV; cis-1,2-dibro-
moethylene, 9.63 ± 0.01 eV; and rra/w-l,2-dibromoethylene, 9.55 ± 0.01 eV. From the spectral data observed, a comparison 
is made of the relative stabilities of the nonbonding molecular orbitais, and evidence is presented indicating a high degree of 
interaction between the bromine substituents and the rest of the molecule. 

General interest in molecular excited states is primari ly 
based on the fact that many chemical reactions occur via ex-
cited states. Studies of such states are, therefore, of broad 
potential use in areas concerned with reaction mechanisms, 
especially those photochemically induced. There have been 
numerous studies of the spectral properties of the halogenated 
ethylenes, but the vacuum ultraviolet spectra of the bro-
moethylenes have not yet been reported. This s tudy is con-
cerned with this series of compounds and their absorption 
spectra in the region 40 000 -90 000 c m " 1 (250-110 nm). The 
principal features of these spectra are molecular Rydberg 
transitions and intravalent transit ions associated with the ir 
electrons and the bromine nonbonding p electrons. The ab-
sorptions attributed to Rydberg transitions were assigned using 
the Rydberg series expression:1 

i>n = l?-R/(n-b)2 

where vn is the observed transition energy, IP is the ionization 
potential, and R is the Rydberg constant . <5 is the q u a n t u m 
defect , and n - 5 is therefore an effective q u a n t u m number . 
R/(n — <5)2, the term value of the transit ion, is equal to the 
difference between the IP of the ground state and the observed 
energy of the Rydberg transition and can therefore be thought 
of as the ionization potential of the specific Rydberg state. For 
each of the compounds in this study, it was observed tha t the 
term values of the Rydberg levels were relatively constant , 
regardless of the originating molecular orbital. The regularity 
of these energies was of predictive value in making Rydberg 
assignments. 

Rydberg orbitais are character ized by having a greater 
principal quan tum number , n, than the highest filled valence 
shell orbital, and this quan tum number is then modified by a 
value of b which reflects the extent of orbital penetrat ion into 
the molecular core. Therefore , the first Rydberg transit ion 
f rom a C = C bonding orbital is considered to te rminate at an 
n = 3 level, with b values in the range of 0 .1-1 .0 , while the 
corresponding transition from a nonbonding orbital on bromine 
is to an n = 5 Rydberg orbital with b values between 2.0 and 
3.0.2 In the bromoethyienes, absorptions associated with both 
types of transitions are observed, and the choice is whether to 
number the first Rydberg levels different ly depending on the 
originating molecular orbital or to number consistently be-
ginning with either n = 3 or 5 regardless of assignment. Be-
cause of reasons to be presented later concerning the high de-
gree of interaction between the bromine subst i tuents and the 
rest of the molecule, it was decided to begin all Rydberg series 
with the n = 5 member . In any case, the distinction is more 

philosophical than practical , since the resulting n — b t e rm is 
numerical ly identical for the two choices. 

In order to determine the term values of the absorptions, the 
ionization potentials of the compounds a re required. The 
available photoelectron ionization potential values a re listed 
in Table I, together with the assignments given in the two 
previous studies.3 4 There is some disagreement , both in nu-
merical values and in assignments, between these two studies, 
and it is hoped that this investigation will clear up the am-
biguities. In determining the symmetry labels for the orbitais, 
the highest-fold rotation axis is the z axis, and the x and y axes 
are then assigned according to the r ight-hand rule. Some 
previous studies are cited where the axes were labeled dif fer-
ently. In such cases, the symmetry labels will be translated into 
those consistent with the above described method to facilitate 
comparison. 

Experimental Section 
The instrumentation used to obtain the spectra has been described 

in detail elsewhere.5 The compounds were obtained from Columbia 
Organic Chemicals. These were of the highest purity available and 
were further purified by low-temperature vacuum distillation. In 
obtaining the spectra of cis- and trans-1,2-dibromoethylene, it was 
found necessary to introduce a fresh sample after scanning across the 
ir* +-ir absorption. 1,2-Dichloroethylene has been shown6 to undergo 
cis-trans isomerization upon excitation of the ir* *—tt transition, and 
as expected the analogous bromo compounds behave similarly. 

Spectral Assignments 

Bromoethylene. The vacuum ultraviolet spect rum of bro-
moethylene is given in Figure l , with the assigned Rydberg 
absorptions indicated. T h e A band is broad and fairly intense 
(e = 7780 l . / (mol cm)) , with its m a x i m u m at about 52 200 
c m ' 1 . It is assigned to the V N(?r* ir) t ransit ion, in 
comparison with da ta f rom chloroethylene,7 which has the 
intensity max imum of its x * ir band at 54 000 c m " 1 and e 
= 8000 l . / (mol cm) . Super imposed on the higher energy side 
are three weak absorptions separated by 1344 cm""1, the C = C 
symmetr ic stretch, decreased f rom its vaiue of 1605 cm""1 in 
the ground state.8 These absorptions are assigned to the first 
member of an ns ir Rydberg series (b 2.97, n = 5 - 9 ) con-
verging to a limit of 9.90 eV. 

In the 59 0 0 0 - 6 4 000 c m " 1 region of the spectrum, a 
number of sharp peaks a re present and assigned to Rydberg 
transitions. The strong peak at 62 759 c m " 1 is the first member 
of an ns Rydberg series (6 2.96, n = 5 - 1 0 ) converging to the 
ionization potential a t t r ibuted to the in-plane nonbonding 
electrons. The band system beginning at 61 862 c m " 1 is as-
signed to the first member of an np +- ir Rydberg series (<5 2.57, 
n = 5 -10 ) . It has three members of the in-plane C - C - B r 

[Reprinted from the Journal of the American Chemical Society, 98, 6900 (1976) 1 
I Q : C f i m A — v, r " ; 1 i • 1 _• • _ , f l r . J -



Table I. Photoeiectron Ionization Potentials of Bromoethylene 
and Dibromoethylenesu 

C M ' 1 X 1 0 " 3 

75 ?,0 6,5 5,0 

Compd IP b ipc 

C H 2 = C H B r 9.87 (a") 
10.87 (a7) 
12.30 (a") 

9.80 (a") 
10.90 (V) 
12.28 (a") 

3~ 

/raw5-CHBr==CHBr 9.55 (au) 9.44 (au) 
11.04 (ag) 11.05 (ag) n. 
11.04 (bu) 11.05 (bg) 

1 
11.57 (bg) 11.60 (bu) o 

12.90 (au) 13.00 (au) 
x 

c/s-CHBr=CHBr 9.63 (b2) 9.44 (b2) 
10.74 (bi) 10.74 (b0 U> 

11.23 (ai) 11.24 (a2) 1-

11.53 (a2) 11.56 (a,) 
12.86 (b2) 12.85 (b2) 

C H 2 = C B r 2 9.78 (b-,) 
10.73 (b,) 
11.23 (a,) 
11.60 (a2) 
13 (b2) 

0-

a Values in electron volts and assignments in parentheses. b Ref-
erence 3 . f Reference 4. 

Table II. Rydberg Assignments for Bromoethylene 

First IP, 79 860 cm 1 

ns *— 7r, 5 2.97 np — T, 5 2.57 

n ^obsd n i'obsd 

5 54 735 5 61 862 
6 67 801 6 70 577 
7 73 137 7 74 278 
8 75 560 8 76 086 
9 76 865 9 77 202 

10 77 899 

Second IP, 87 880 cm 1 

ns — n, 5 2.96 *p — n, o 2.55 «d — n, 5 2.11 

n ^obsd n ^obsd " ^obsd 

5 62 759 5 69 881 5 74 722 
6 75 959 6 78 765 6 80 678 
7 81 162 7 82 332 7 83 285 
8 83 493 8 84 189 8 84 717 
9 84 875 9 85 244 9 85 521 

10 85 668 

bending frequency associated with it, unchanged from its 
ground state value8 for 345 cm' 1 . There is a system of peaks 
beginning at 59 584 cm""1 which are assigned to a second 5p 

7r Rydberg transition (5 2.67). The corresponding 6p IT 
absorption appears as a shoulder on the 69 881 cm""1 peak to 
be discussed below, but higher members of the series could not 
be assigned because of the rapid decrease in peak intensities. 
Underlying the 59 584 cm""1 band system is a broad absorption 
attributed to the IT* +- n transition, as consideration of the 
relative energies of the states would place this transition in this 
region. 

The higher energy region of the spectrum beginning with 
the sharp band at 69 881 cm""1 consists mainly of molecular 
Rydberg absorptions, including the higher members of the 
second ionization potential (zip, <5 2.55, n = 5-9; «d, 5 2.11, n 
= 5-9). These energies are listed in Table II. There is, in ad-
dition, a very strong, sharp absorption at 80 431 cm"1 which 
could not be fit to any of the above mentioned series, but has 
the proper term value for a 5p Rydberg absorption associated 
with the third ionization potential. Unfortunately, other 

# 

123 

140 160 
WAVELENGTH (nm) 

Figure 1. Absorption spectrum of bromoethylene. The assigned ns and np 
Rydberg series are shown. 

members of this series are beyond the accessible region, thus 
this assignment must remain tentative at this time. 

The absorptions in this spectrum offer insight into the nature 
of the excited states of bromoethylene. According to group 
theory, transitions to all three possible p Rydberg states are 
allowed for each of the molecular energy levels. However, it 
was not possible to assign three p Rydberg series for any of the 
ion states, which suggests that the p Rydberg electron is ex-
periencing a higher degree of symmetry from the core than 
expected in the Cs point group. Because of the significance of 
unresolved splittings in the absorption spectrum, attention will 
be focussed on the p Rydberg states associated with the first 
ionization potential, since the first members of these series 
occur in a relatively uncrowded region of the spectrum 
(59 000-64 000 cm"-'). 

Of the three allowed (T\ , 5p) transitions ( A ' A ' and 2 (A" 
A')) only two could be assigned, which suggests that two 

of the three p Rydberg states are accidentally degenerate. Since 
formal degeneracy is the result of symmetry, it is of interest 
to consider the possible excited-state symmetries that could 
lead to such a degeneracy in the p Rydberg states. If the core 
exerts a planar symmetric field on the Rydberg electron, only 
one transition is allowed. If, however, the predominant effect 
is one of linear symmetry, two transitions are expected, cor-
responding to excitations in which the transition moment is 
oriented parallel and perpendicular to the internuclear axis, 
respectively. 

For a molecule which is linear in its ground state, the sit-
uation where the angular momentum of the excited electron 
is not coupled to the internuclear axis is referred to as Hund's 
coupling case d. Such a coupling scheme is most readily 
achieved in Rydberg states, where the Rydberg electron oc-
cupies an orbital that is larger and more diffuse than valence 
shell orbitals.9 Since the results for bromoethylene indicate 
linear core symmetry in its p Rydberg states, it may be thought 
of as approaching case d coupling in these states. The effect, 
however, is less pronounced than in a molecule that is linear 
in both ground and excited states. 

1,1-Dibromoethylene. The spectrum of 1,1-dibromoethylene 
and the assigned Rydberg series are given in Figure 2. Again, 
the A band region is broad and fairly intense; however, it is 
more highly structured than in bromoethylene. The first ab-
sorption has its maximum at 47 820 cm"1 and is followed by 
another at 49 020 cm"1. These are assigned to the x* n 
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Figure 2. Absorption spectrum of 1,1-dibromoethylene, with assigned ns 
and np Rydberg series indicated. 

transition and a single vibrational component of the symmetric 
C = C stretch8 decreased to 1150 cm"1 from the ground state 
value of 1593 cm"1 . Following these is a more intense pair of 
bands at 50 350 and 51 230 cm"1 , which is believed to be the 
result of torsional motion. The molecule possesses a low-lying 
a* orbital of bi symmetry. A transition to this <r* orbital from 
the b2 x orbital is forbidden for the planar molecule; however, 
upon twisting the transition becomes allowed. The torsional 
mode responsible for the nonplanarity was noted in the elec-
tronic spectra of ethylene and deuterated ethylene.10 

Superimposed on the high energy side of these bands is the 
first member of an ns x Rydberg series (5 2.95, n = 5-9) 
converging to a limit which correlates well with the reported 
PE value. Following this Rydberg peak is a very broad, 
structureless absorption which is assigned to a x* +- n transi-
tion. The spectral position of this band is where the transition 
to the x* level from the ai nonbonding level would be expect-
ed. 

Beginning at 59 411 cm""1, there is an extensive vibrational 
envelope with three quanta of symmetric C = C stretch de-
creased to 1280 cm"1 . In addition, each has associated with 
it at least one 490 cm"1 interval, which is the symmetric CBr2 
vibration (ground state 467 cm"1).8 These vibrational energy 
changes are consistent with the assignment of the 59 411 cm"1 

peak to an np Rydberg series (6 2.64, n = 5-10) converging to 
the x ionization potential. Since this ir orbital has both C - C 
bonding and C-Br antibonding character, removal of an 
electron would be expected to have the observed vibrational 
effect. 

The remaining sharp absorptions in the spectrum are as-
signed to Rydberg transitions. These energies are listed in 
Table III. A significant feature of interest is not the Rydberg 
series that are assigned but one that is absent. As indicated in 
Table III, both ns and np Rydberg series have been found 
converging to each of the first three ionization potentials, but 
for the fourth, only a three-member (5 2.64, n = 5-7) series 
beginning at 74 047 cm"1 was assigned. Using the average 
term value of 25 500 cm"1 found for the other series for the 
first s Rydberg member, the first peak in an ns series leading 
to the fourth ionization potential would be expected at about 
68 000 cm"1 , a region in which there are no absorptions. Of 
the molecular orbitals derived from the nonbonding and x 
electrons, only the A2 Ai (ns a2) Rydberg transition is 
symmetry forbidden. Accordingly, the fourth ionization po-

Figure 3. Absorption spectrum of cis- 1,2-dibromoethylene, including ns 
and np Rydberg series. 

Table III. Rydberg Assignments for 1,1-Dibromoethylene 

First IP, 78 910 cm"1 

ns — ir (b2), 5 2.95 np — x (b2), 5 2.64 

n j 'obsd n ^obsd 

5 53 129 5 59 411 
6 67 114 6 69 190 
7 72 213 7 73 137 
8 74 599 8 75 180 
9 75 930 9 76 200 

Second IP, 86 560 cm"1 

ns — n (bi), 5 2.99 * p — n (bi), b 2.66 

n ^obsd n i 'obsd 

5 60 790 5 66 948 
6 74 360 6 76 589 
-7 
i 79 669 7 80 749 
8 82 196 8 82 699 
9 83 500 9 83 808 

Third IP, 90 690 cm"1 

ns n (ai), 5 2.94 zip — n (aO, 5 2.64 

n ^obsd n ^obsd 

5 65 673 5 70 927 
6 78 989 6 81 018 
7 84 062 7 84 930 
8 86 410 8 86 861 

tential is assigned to the a2 orbital. This point will be dealt with 
further in the Discussion section (see below). 

cis- 1,2-Dibromoethyiene. The spectrum of this compound 
is given in Figure 3, together with the assigned Rydberg series. 
The x* x band has its maximum at 48 200 cm"1 , followed 
by a second band at an interval of 1191 cm"1.8 On the shoulder 
of this absorption appears the first member of an ns x 
Rydberg series (5 2.90, n = 5- 9). Associated with this peak are 
two vibrational components of 1284 cm"1 , again the symmetric 
C==C stretch, but reduced from its ground state frequency to 
a lesser extent. 

The remainder of the spectrum contains the higher members 
of the ns x Rydberg series and the peaks assigned to four 
additional series. Band positions for the Rydberg assignments 
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Table IV. Rydberg Assignments for cis-1,2-Dibromoethylene 

First IP, 77 710 c m " i 

ns*- TT (b2), 5 2.90 

n ^obsd 

5 52 042 
6 66 432 
7 71 220 
8 73 486 
9 74 778 

Second IP, 86 640 cm" - i 

ns *~ n ( b | ) , 5 2.96 np — n ( b , ) , 5 2.61 

n ^obsd ^ ^obsd 

5 60 346 5 68 199 
6 74 778 6 77 095 
7 79 917 7 80 945 
8 82 320 8 82 843 

Third IP, 90 590 cm" •i 

ns *— n (ai) , <5 2.95 np — n (a , ) , 5 2.61 

n ^obsd ^ ^obsd 

5 64 387 5 71 906 
6 78 821 6 81 215 
7 83 900 7 84 981 

are listed in Table IV. There is a peak at 59 260 cm""1 with the 
proper term value for a 5p x Rydberg transiton (18 450 
cm*"1). The corresponding n = 6 member appears as a shoulder 
on the 68 199 cm""1 band. The band at 60 346 cm"1 which 
begins a ns n (bi) Rydberg series (5 2.96, n = 5-8) has two 
members of C-Br stretching frequency associated with it, 
unchanged from its ground state value8 of 573 cm""1. Another 
s Rydberg series begins with the very strong peak at 64 387 
cm"1 followed by three quanta of a 372 cm"1 vibrational in-
terval (C-C-Br bend).8 

frans-1,2-Dibromoethylene. The spectrum of the trans-
dibromo isomer (Figure 4) is given with the members of the 
assigned Rydberg series (Table V). The band assigned to the 
V N(7r* ir) transition has a maximum at 46 000 cm" 1 , 
followed by a second band at an interval of 1210 cm"1 which 
is the symmetric C = C stretch (ground state value 1578 
cm"1) .8 On the higher energy side of this band is the n = 5 
member of an ns ir Rydberg series (5 2.94, n = 5-10). As 
predicted by the parity selection rule, no np ir series was 
observed. The absence of this series was also reported for the 
centrosymmetric chloroethylenes.11 

Following these absorptions, there is a relatively flat region 
terminated at about 63 500 cm"1 by the presence of a sharp 
band assigned to an s Rydberg series converging to a limit 
slightly higher than the PE value of the second ionization po-

125 

140 18(7" 
WAVELENGTH (nm) 

Figure 4. Absorption spectrum of trans-1,2-dibromoethylene. with ns and 
np Rydberg series shown. 

tential (89 490 cm"1 vs. 89 135 cm"1) . Associated with this 
band are four quanta of a 225 cm"1 vibrational interval, which 
is the in-plane C - C - B r bend,8 relatively unchanged from its 
ground state value of 218 cm"1 . Beginning at 69 725 cm"1 is 
a p Rydberg series which converges to the value of the second 
photoelectron ionization potential, and also has the 218 cm"1 

vibration associated with it. This ionization potential has been 
assigned3-4 to degenerate in-plane 4bu and 5ag orbitals. Since 
this is a centrosymmetric molecule, the presence of both s and 
p Rydberg series converging to approximately the same limit 
supports the near coincidence of these levels. 

Discussion 

In the bromoethylenes, each bromine atom is considered to 
have two nonbonding p orbitals, one in the molecular plane and 
one perpendicular to it, the third p orbital being mainly in-
volved in the C-Br a bond. The out-of-plane p orbital is capable 
of conjugation with the ir bond to form two split ir levels. This 
splitting is larger in the bromoethylenes than in the chloro 
compounds.12 This ir level splitting is attributed to the reso-
nance effect, which is dependent on the ability of the halogen 
to conjugate with the ir orbital and is largely a function of the 
similarity in energy of the conjugating levels. On comparing 
the ethylene tt IP (10.51 eV)13 with the p orbital IP's of bro-
mine and chlorine (12.18 and 13.37 eV, respectively),14 it is 
expected that bromine would exert a greater resonance effect, 
as is observed. 

In the dibromoethylenes, the four nonbonding orbitals 
combine to form four linear combinations. In Civ symmetry 
these are: aj and bi, in-plane combinations; and a2 and b2, 
out-of-plane combinations. In Cih point group, the corre-
sponding orbitals are labeled ag and bu, in-plane, and au and 
bg, out-of-plane (see Figure 5). 

Table V. Rydberg Assignments for trans-1,2-Dibromoethylene 

First IP, 77 040 c m - 1 

ns * 7r, <5 2.94 
Second IP, 89 135 c m - 1 

np — n (ag), <5 2.62 
Third IP, 89 490 cm" 1 

ns n (bu) , 5 2.94 

n ^obsd " ^obsd n ^obsd 

5 51 140 5 69 725 5 63 529 
6 65 368 6 79 605 6 77 748 
7 70 363 7 83 431 7 82 843 
8 72 754 8 85 350 8 85 192 
9 74 069 

10 7 4 839 
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Figure 5. Molecular orbital correlation diagram for the dibromoethy-

lenes. 

The two published reports3-4 of the PE spectra of these 
compounds disagree with respect to the relative stability of the 
nonbonding levels. In cis-1,2-dibromoethylene, Wittel and 
Bock3 assign the energy levels in order of increasing ionization 
potential as 2b2, 4b i, 5a i, la?, and 1 b2, and in the 1,1 -dibromo 
compound, the same ordering is given. However, in the study 
of Chadwick et al.,4 the order of the 5ai and la? levels is re-
versed in cis-1,2-dibromoethylene. They do not report the 
spectrum of the 1,1-dibromo compound. 

Considering these assignments, there is some basis for doubt 
concerning the relative energies of the 5a i and la2 levels. As 
pictured in Figure 5, the 5a ( orbital is in the molecular plane 
and capable of bonding overlap between the two bromine 
substituents, whereas the out-of-plane la2 orbital is Br-Br 
antibonding. However, in this study, as discussed earlier, the 
presence of both s and p Rydberg series leading to the third 
ionization potential, and the absence of an s series leading to 
the fourth, indicates that the la2 level is more stable than the 
5ai. In support of this assignment, it may also be noted that 
both the in-plane 5ai and 4b, levels are of the proper symmetry 
to interact with molecular orbitals of the ethylene a framework, 
specifically the 1 t>3g and 3ag orbitals. Since the IP s of the 
bromine levels are lower13 than those of the corresponding 
ethylene orbitals (12.38 and 14.47 eV respectively),13 they will 

be further destabilized by the interaction. Therefore, the result 
is not that the out-of-plane la2 orbital is more stable than 
would be expected but that both in-plane orbitals are less sta-
ble. 

An additional interesting observation in these two molecules 
is the degeneracy of the ionization potentials assigned to the 
in-plane nonbonding molecular orbitals. This indicates that 
any through-space interaction of these orbitals is effectively 
overridden by the through-bond conjugation with the ethylene 
framework, since the spacial distributions in these molecules 
should not be the same. Again, conjugative interaction in-
volving the entire molecule predominates over the localized 
Br-Br interaction. The other degeneracy of energy levels noted 
is that of the out-of-plane orbitals (a2 and bg) in all three of the 
dibromo compounds. The symmetries of these levels restricts 
interaction with the rest of the molecule. 

The haloethylenes have previously been treated as x systems 
perturbed by the halogens, and the validity of this approach 
with other halogen substituents has been amply demon-
strated.-'16 However, the results present here indicate that 
bromine is capable of interacting with the ethylene framework 
to such an extent that the effect is too large to be considered 
a perturbation. An adequate explanation of the results required 
taking into account all orbitals capable of interaction. Instead 
of considering an isolated set of halogen orbitals, it is necessary 
to consider the molecule in its entirety. 
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APPENDIX B 

SAMPLE PURITY TESTS 

In Chapter III, gas chromatographic and mass spectro-

metric data was quoted as showing only the presence of 

acetone in the samples run. The following pages depict 

the spectra as run. 
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