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CHAPTER I 

INTRODUCTION 

Compounds with the partial structure 

— G — C — 
II II 

such as butadiene, glyoxyl and the acrylyl halldes often exhibit 

isoaerizatlon due to restricted rotation about the C-C single 

1 2 3 ^ bond. * * * A priori, on the basis of hyperconjugation, one may 

expect the two planar confomers, the so-called s-cis and s-trans 

forms. 

- C - — C — — G— 
II Ii ll 

s-cis s-trans 

to be more stable than the non-planar forms. This fact has been 

"confirmed" both theoretically5»" and experimentally'^*"*^ for sev

eral compoureis. However, in more recent work it has been shown that 

non-planar or gauche forms are definitely stable for butadiene,-^^ 

oxalyl chloride,•'•^ and oxalyl bromide. •'•̂  

In order to further the study of rotational isomerization in 

a,0 conjugated systems it was decided to conduct a study of acrylic 

acid, acrylyl chloride and 2-chloroacrylyl chloride. The objectives 

of the investigation were to determine whether iscanerization occurs, 

if so, the relative amounts of each iscMier and a qualitative potential 

energy curve of iscwerization. The principal research technique used 



was infrared spectroscopy with low temperature matrix-isolation sam

pling techniques. Before describing the details of the experimental 

techniques, however, additional reasons for conducting this investi

gation will be discussed. 

HgC - GHCCIO HgC - CGICCIO 

acrylyl chloride 2-chloroacrylyl chloride 

HgC - CHCOOH 

acrylic acid 

For acrylic acid even the presence of rotational isanerization 

13 
has been difficult to establish. Ukaji ^ in an electron diffraction 

investigation was unable to prove or disprove the occurrence of 

rotational isomerization for this compound. The question remained 

unanswered in X-ray diffraction studies because the hydrogen atoms 

could not be located precisely; however, the evidence pointed to a 

structure with hydrogen bonded dimers in the s-cis form.-̂  » ^ Bolton-*-" 

and co-workers obtained rotational constants attributed to the s-cis 

and s-trans isomers of the protonated and deuterated forms from a 

microwave study of acrylic acid. Unfortunately, they failed to report 

further results such as relative amounts of the two isomers or the 

ficecanetry of the Isaners. 

Infrared and Raman spectroscopy are potential source of in

formation on s-cis and s-trans isomerization. However, very little 

research has been done on acrylic acid*s vibrational spectrum. Aside 

from two very early papers^'»^° the only work on the subject appears 



to be that of Peairheller and Katon. ° Their paper presents IR da-ta 

for acrylic acid in the liquid and vapor phases and Raman data in the 

liquid phase. Although the authors reported many of the fundamental 

vibrations to be doubled they attributed this phenomenon to a dimer 

of s-trans acrylic acid molecules 

0 . , . H — 0 C 

I 

and suggested that the doubling was due to in-phase and out-of-phase 

combinations of the fundamen-tals of the two molecules. The authors 

did not discuss the possibility of s-cls and s-trans isaners as a 

factor in peak doubling. However, in light of the microwave results 

of Bolton and co-workers the situation clearly deserves further study. 

The situation surrounding acrylyl chloride is also somewhat 

obscure. In 1957, Ukaji^" reported a conclusion fron electron dif

fraction results that the predominant conformer has s-trans geometry. 

A minor conformer was also found and assumed to possess s-cis geometry. 

Ten years later, Katon and Feairheller^l studied the infrared and 

Raman spectra of acrylyl chloride and reported that both s-cis and 

s-trans isomers were present in the liquid and vapor phases in fairly 

large amounts. The energy difference was stated to be 0.6 kcal./mol. 

Five years later, in a microwave study of acrylyl chloride. Curl and 

co-workers^ were only able to assign peaks corresponding to the 

s-trans form althou^ transitions apparently arising from a second 



conformer were also found. Due to the lack of a definite line assign

ment for the second iscaner, no determinations of its structvire or the 

relative abundance of the two conformers could be mawie. 

It is apparent that, like acrylic acid, the isomerization be

havior of acrylyl chloride is still not well understood. Many points, 

including the very existence of rotational iscaners, still require 

clarification. For these reasons and because of the structural 

similarity of this compound with acrylic acid it was included in 

this study. 

The third compound of Interest can also potentially exhibit 

rotational isomerization is 2-chloroacrylyl chloride. Very little 

spectroscopic work, if any, has been done on this ccanpound and V I T " 

tually nothing is known of its ability to form s-table rotomers. How

ever, some study has been ceurried out on the closely related molecule, 

oxalyl chloride. Hagan and Hedburg found in electron diffraction 

studies that oxalyl chloride does form rotaners, but only the s-teana 

form is planar} the other rotomer has a gauche structure. 

It was decided to include 2-chloroacrylyl chloride in this study 

because of its similarities to the other compounds under investiga

tion and because of the interesting results of the oxalyl chloride 

studies. 

Because previous workers obtained spectra of acrylyl chloride 

and acrylic acid in the solid, liquid and vapor phases, their inter

pretations were hindered by ambiguities in the spectra caused by 

intermolecular Interactions and by vibration-ro-tation Interactions. 



As an example, in the vapor phase IR spectrum of acrylic acid, the 

region between 2500 cm~^ and 3200 cm"^ there exists a very broad region 

of absorption corresponding>to the 0-H stretch. This behavior is 

rather typical of carboxylic acids and is due to hydrogen bonding.^-' 

Not only Is it Impossible to locate the origin of the -OH stretching 

vibration from this absorption region, but it obscures weaker bands 

due to the C-H stretches which are in the region around 3000 cm . 

Another effect caused by hydrogen bonding is the shifting of vibra

tion frequencies. The 0-H stretching frequency is usually shifted 

to a lower value compared to the frequency of the monomeric species 

while the .0. bends, both in-plane and out-of-plane, are usually 

shifted to a higher frequency23 compared to the monomeric species. 

Although the effects of intermolecular interactions are less 

Important in the vapor phase for compounds that do not undergo hydro

gen bonding, they still occur and may provide special problems in 

24 
Interpreting the spectra of compounds in condensed -{^ases. For 

example. In the spectra of liquid and solid phase acrylyl chloride 

presented by Katon and Fealrheller, ' it is difficult to resolve the 

various peaks, especially in the region between 1000 cm* and 400 cm* . 

Another difficulty of interpretation cMies from vibration-rotation 

interactions.^ Effects of these interactions are observed in the 

infrared spectra of molecules in the vapor phase. -̂  Bands are broad

ened and it may be difficult to locate the origin of the absorption. 

The peak near 1430 cm" in the vapor phase spectrum of acrylic acid 

is an example of this. 



In â i effort to answer some of the questions concerning rotational 

isomerization of the subject molecules and to eliminate the effects of 

molecular interactions and vibration-rotation Interactions in their 

spectra. It was decided to employ the technique of matrix-isolation 

sampling. This technique involves the rapid cooling of a mixture of 

the sample species and a non-absorbing dilutant gas to form a solid 

matrix at a sufficiently cold temperature to prevent diffusion of the 

sample species. With a sufficiently high matrix to sample ratio, 

the sample is "isolated" in monomeric form in a solid matrix and the 

sample may be easily studied by Infrared spectroscopy* This technique 

was first applied by Pimentel who used it to study free radicals. 

The advantages of the matrix Isolation technique are obvious for 

vibrational analysis. Because ro-tation of a molecule the size of 

acrylic acid or acrylyl chloride is not possible in the matrix, the 

ro-tatlonal band envelopes that are present in the gas phase will be 

absent in the matrix-isolated spectra.*^ One would therefore expect 

to see a sharp distinct peak corresponding to each vibrational fre

quency instead of a broad band envelope. Fot surprisingly matrix-

isolation technique has been used with much success in clarifying 

vapor phase spectra. * Matrix-iselation sampling should also elim

inate or greatly diminish the intermolecular interactions that compli

cate solid, liquid and gas phase spectra. Several workers have used 

the technique for this purpose.^9, 30, 31 

In addition to the above mentioned advantages of matrix isolation, 

the technique has been successfully used with molecules exhibiting 

rotational isomerization. Goldfarb^^ ''̂ ^ and co-workers used it in 



their studies of s-cis and s-trans acrolein and but-3-en-2-one3^ and 

33 in their studies of rotational isomerization of methyl propiolate. 

Low temperature matrix-isolation sampling is particularly beneficial 

in analyses of this type because the molecules are rigidly held in 

32 place and thermal interconverslon of the isomers is prevented.'̂  

Further, it is possible to resolve vibrations that mi^t be un

resolved using other infrared sampling techniques. 

In addition to obtaining improved spectra and shedding light 

u-pon questions concerning s-cls and s-trans Isomerization, there are 

other reasons for studying the compounds, especially acrylic acid, 

34 35 with the matrix-isolation technique. Redington and co-workers 

have canried out extensive work on acetic acid and various derivatives 

of acetic acid using this technique. It has been found to be not only 

particularly useful for studying hydrogen bonding but it allowed 

anomalies, such as a large blue shift of certain vibrations upon 

34 

deuteratlon, to be uncovered. It seems, therefore, useful to con

tinue Infrared matrix-isolation studies of compounds with structures 

and characteristics similar to those studied by Redington. 



CHAFFER II 

ASSIGNMENT TECHNIQUES 

Before discussing specific vibrational assignments, some of 

the techniques used in making vibrational assignments will be dis

cussed. 

Perhaps the most general technique for assigning a band to a 

vibrational transition is to compare its frequency with known "char

acteristic frequencies." Spectroscopists have observed over the years 

that the vibrations of certain functional groups give rise to more or 

less the same frequency regardless of the parent compound and have 

compiled extensive tables of these frequencies. For example, the 

1 36 C-H vinyl stretch is usually found in the region around 3000 cm" .-̂  

Characteristic frequencies are most helpful in regions where there 

are the fewest bands since in regions where bands are crowded to

gether the ranges of the characteristic frequencies tend to overlap 

and their utility is greatly diminished. 

A related technique is to conpare the spectra of similar som-

pounds. These ccxnparisons are somewhat less ambiguous than those 

using characteristic frequencies because compounds which are related 

tend to have similar Infrared spectra. These comparisons are es

pecially useful in the region between 400 cm' and 800 cm" . In this 

work, the obvious Intercomparisons of the spectra of acrylic acid, 

acrylyl chloride and 2-chloroaerylyl chloride were especially helpful. 

Also beneficial were comparisons of their spectra with spectra and 

8 



band assignments of glyoxal,-̂ ' acrolein,̂ '̂  acetyl chloride,^ matrix-

isolated acetic acid,^ and matrix-is elated trlfloroacetic acid.-'̂  

Another impor-tant aid used in the interpretation of vibration 

spectra is the isotope effect. Using the Hooke's law model, the 

frequency of a vibration of a diatomic molecule is given by the 

formula-̂ " 

0) 1 nr 

where k is the force cons-tant and 

y is the reduced mass of the two atoms involved, i.e.. 

"l ""2 

mi + m2 

Assuming that no change in the force constant occurs with the sub

stitution of the isotope the ratio o"̂  the vibrational frequencies 

of the two isotopic molecules is then 

t 

The generalized form for polyatomic molecules is the Teller and 

Redllch product rule^" 

3N-6 3N 

m 
1 
2 

K 
1 
2 

k-il 1-1 

X y z 

Ix V^z, 

1 
2 
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which may be used to estimate one isotopic shift or to confirm the 

assignments of a)|̂  and o)^ as to fundamen-bal vibrations. In the above 

equations the quantities related to the isotopic molecule are primed. 

The ti),.*8 are zero-order fundamen-tal Frequencies; m.'s are atom masses; 

M*s are molecule masses; and I„, L., and I^ are the principal momen-ts 

of inertia. 

Although the Redllch product rule is not always closely followed, 

the Isotopic shifts may be extremely helpful. For this work, shifts 

produced hy the substitution of deuterium for the protlum of the 

carboxyl group in acrylic acid was studied as well as the effects of 

55ci and 37ci under natural abundances for 2-chloroacrylyl chloride. 

Frequency shifts of two other types were also found to be of 

some use I those arising from dlmerization due to hydrogen bonding 

and those arising from s-cis and s-trans isomerization. Acrylic acid 

forms hydrogen bonded dimers in the vapor phase or in the matrix-

isolated state at high matrix/sample ratios. Some vibrational modes 

are greatly perturbed and undergo large frequency shifts upon dlmeri

zation, for example, the 0-H stretch, while other modes axe affected 

less and sustain much smaller shifts, for example, the GHp stretching 

modes. Vibrational modes affected by rotational isomerization may 

have large frequency shifts, for example, the C-Cl stretch in axsrylyl 

chloride shifts hy 100 cm" . On the other hand the CHg scissoring 

mode is little affected by isomerization and its shift was not de

tected. 

Band shapes can be a useful tool in spectral interpretation* 
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Ueda and Shimanouchl^^ have calculated the shapes of band envelopes 

for several types of asymmetric rotors and present the band shapes as 

functions of the principal axis along which the vibration occurs. 

To use this information one needs only to know the rotational constants 

and the principal axes of inertia of the molecule. If these are not 

available from the literature, they may easily be calculated from 

41 
the molecular geometry using the formulas of classical mechanics. 

It should be pointed out that Ueda and Shimanouchi*s calculations are 

idealized and that spectra of real molecules may not always closely 

resemble the calculated band envelopes. The calculated band envelopes 

for acrylyl chloride, 2-chloroacrylyl, chloride and acrylic acid are 

shown in the appendix. 

In addition to the calculation of theoretical band shapes, the 

calculation of P and R branch separations may also be helpful. 

Empirical formulas for calculation of P and R branch separation in 

42 asymmetric tops sure presented in a paper by Seth Paul and Dijkstra. 

Hopefully, P-R branch separation could provide a method of identify

ing the band type (A, B, C). However, when calculations were per

formed for acrylic acid and acrylyl chloride it was found that all 

three band types gave rise to virtually the same P-R separation and 

therefore could not be used as a discriminator of band type. 

Molecular vibrations give rise to Raman scattering as well as 

to infrared absorbtion. A molecular vibration will absorb infrared 

radiation if the vibration results ir an oscillation of the molecular 

dlpole moment; Raman scattering will occur if the vibration gives rise 
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to a change in the polarizability tensor of the molecule. Which 

modes are Infrared active or Raman active may be determined by the 

use of group theory.^^ Since the only symmetry element (other than 

the identity element) that acrylic acid, acrylyl chloride or 

?-chlaroacrylyl chloride can possess is reflection through a plane, 

they belong to point group Gg. It is seen frcan the chauracter table 

of the Cg point group 

c 
s 

A' 

A»» 

E 6^ 

1 1 

1 -1 

Txf Ty} Rg 

T̂ jJ Rx» "y 

°Scx» «yy' ^'zz' ^ 

a . a yz» zx 

that no vibrational modes are exclusively Raman active. In practice, 

it may be expected that some vibrations which are weakly infrared 

active will be strongly Raman active. This is indeed the case with 

some compounds.^^'^ Since some of the vibrations fall into this 

category, Raman data axe essential for a ccanplete spectral interpre

tation. 

The degree of depolarization, p, is another feature of Rsunan 

data that makes it useful for spectral interpretation. This is the 

ratio of the Intensity of the parallel to perpendicular components 

of the Stokes lines 

P ^ J 

p " depolarization 
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ly (11) •• intensity of parallel component 

^2 (1) " intensity of perpendicular component 

where Incident radiation is along the y axis, scattered light is ob

served along the x axis, and the light is polarized along the y and z 

axes. In liquids with Hg lamp excitation those Raman lines for which 

P - - are called depolarized. Those Raman lines with 0 < P < ̂ are 

' 7 
referred to as polarized lines. It can be shown that P will be less 
than I only if 

Vv"'/<-5 ('xx^V.zjV'' 

does not vanish. Where a * *' is the v'v'* component of the polaris!-

bility tensor; a , a and a are polarizibility tensors; and ^ * and 

i|) ** are the wave functions of the molecule in the excited and ground 

39 
states respectively. The intergratlon is over all space. For this 

equation not to vanish, the vibration in question must belong to the 

same symmetry species as one of the polarizability tensor components a , 

'̂ yy or (* . From the C. character table it is seen that in-plane vibra

tions are polarized while out-of-plane vibrations are depolarized. 

Experimentally, it may be determined whether a vibration is depolari

zed or polarized by the use of polarized fliters.^^ Unfortunately, 

even if the vibration Is polarized p may still be quite close to k 
7 

thereby diminishing the value of this effect.^6 



CHAPTER III 

EXPERIMENTAL 

Instrtimen-bation 

All spectra between 400 cm*"̂  and 4000 cm"-*- were -taken with a 

Beckman IR-9 spectrophotoneter. The instrument is accurate to about 

ll cm"^ between 400 cm~^ and 2000 cm"^ and to about t2 cm~^ between 

2000 cm* and 4000 cm" with a resolution of about 1 cm* between 

400 cm"^ and 2000 cm~^ and 2 cm"l between 2000 cm"^ and 4000 cm"^. 

The instrument was calibrated using the CO2 bending frequencies and 

47 
various water bands ' from the atmospheric spectrum and corrections 

48 
were made using -tables prepared by Harral. All spectra between 

400 cm" and 33 cm" were taken with a Beckman IR-11 spectrophotometer. 

This instrument was calibrated using various water bands.^ 

Long Path Cell 

A BeclflBan model 22557 multi-pass cell was used for vapor phase 

spectra taken with path lengths between one and ten meters. The cell 

was modified to accomodate round windows* For spectra between 4000 

cm" and 200 cm" , the cell was equipped with Csl windows and for 

spec-tra between 200 cm"-*̂  and 33 cm"-*- 0.020 in* thick polyethylene 

windows were used* 

The cell was equipped with vacuum fittings and could be evacu

ated* Samples could be added at their saturated vapor pressure. 

If a more dilute sample were desired, a portion of the sample could 

be pumped off through a vacuum line* 

14 
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In order to provide an accurate background, an evacuated 10 cm* 

cell with windows of the same type as the long path cell was placed 

in the reference beam of the spectrophotometer. 

10 cm. Cell 10 cm. Cell 

Spectra taken with 10 cm path were made using an evacuable cell 

equipped with a vacuum stockcock and ground glass joint* The cell was 

equipped with C I windows. Sample vapor was introduced into the 

by means of a vacuum line. 

Cryostat 

The CTyostat used in the matrix isolation experiments was of 

conventional design and is described by Redington.^ All matrix-

Isolation experiments were carried out at liquid-helium temperatures 

(«*6°K) 

Sample Preparation 

A bulb, with a volume of 2 1*, and a smaller calibrated bulb 

(221 ml*), both equipped with vacuum stopcocks, were evacuated to about 

1 y* The vacuum line and bulbs were flushed several times with the 

vapor of the sample compound* After the last flushing, the calibrated 

bulb was filled with the sample at a pressure measured with a mercury 

manometer for sample pressures about 4 torr or oil manometer for pressures 

below about 4 torr. The sample in the calibrated bulb was then trans

ferred to the 2 1. bulb by trapping with liquid nitrogen. The matrix gas 

was then introduced into the 2 1. bulb at the pressure necessary to ob

tain the desired matrix gas-sample ratio according to the formula 
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Moles matrix gas ^_ (2000 ml*) 

Moles sample Ps \ 

where Pj,̂  Is the pressure of the matrix gas and Pg is the pressure 

at the sample. V-^ is the volume of the calabrated bulb in ml* 

In cases where the sample compound had a low vapor pressure (l 

to ? torr), the calibrated bulb was not used and the sample gas was 

introduced directly into the 2000 ml bulb. Whenever possible, the 

prepared sample bulb was allowed to stand overnight to insure a homo

genous mixture* 

Pressure measurements were made most often with a mercury manome

ter. However, if the sample vapor pressure was particulecrly low, it 

was measured with a manometer filled with Octoil. Pressure readings 

on the Octoil manometer were corrected to Torrs by the formula 

P , Density (Octoil) x (Height Octoil) 
"« Density (Hg) 

I ^ - .^t25E X (Height Octoil) 
13*594 

The Octoil was changed whenever the sample was changed and it was 

allowed to beccxne saturated with the sample compound before any 

measurements were made. 

Sample Deposition 

Deposition of the gaseous sample mixtures was accomplished by 

means of an all pyrex, vacuum system equipped with ground glass joints 

for accomodating the sample bulbs, a mercury manometer, and a teflon 

needle valve for controlling the flow of the sample gas through the 

deposition jet to the cryostat. The deposition system could be 
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evacuated Independently of the cryostat* 

Before deposition, the system was flushed several times with the 

sample mixture. In cases where a deuterated sample was used, the 

vacuum system was deuterated by saturating the system with DgO vapor 

overnight* 

The deposition rate was monitored by use of the manometer with 

a discharge gauge and/or a thermocouple gauge also employed to help 

insure a steady rate of deposit. A deposition rate of between 6 and 

13 mM of sample mixture per hour was used. Although no difference in 

the spectra were observed when rates were varied between these limits, 

a too rapid rate could result in an improperly formed matrix and a 

poor spectrum, while a too slow deposit would lead to Inefficient use 

of helium* At various intervals the progress of the deposition was 

checked by noting the intensity of one or two of the stronger bands 

of the sample's IR Spectrum* When the deposition was complete, the 

entire spectrum was recorded* Most depositions lasted for about 60 

minutes* 

Acrylyl Chloride Source 

Acrylyl chloride was ordered from Aldrich Chemical Company, 

Milwaukee, Wisconsin, however, all samples obtained from this source 

were almost completely polymerized. A small amount of acrylyl chloride 

was obtained from the polymer by placing it in a vacuum sublimation 

apparatus and trapping the volatile component (acrylyl chloride) with 

liquid nitrogen in a vacuum line. The purity of acrylyl chloride 

obtained in this manner was verified by comparison of its vapor phase 
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spectra with the vapor phase spectra reported by Katon and 

Fealrheller.^ However, most of the acrylyl chloride samples used 

in the work reported here was synthesized in the laboratory following 

a general acid chloride synthesis reported hy H. C. Brown.51 

Into a 50 ml round bottom flask were added 9»5 «1 (0.139 mole) 

acrylic acid and 24.1 ml benzoyl chloride. Porcelain boiling chips 

were added and the contents distilled as rapidly as possible without 

sacrificing good separation of components. Collection was started 

at about 69® C. The products were trap-to-trap distilled in a vacuum 

line before use at room temperature with a liquid nitrogen cooled col

lection trap. 

The purity of the products were verified by comparison of the 

vapor phase IR spectra with the spectra reported 1^ Katon and 

Peairheller^^ and ly nmr. Because only a few milliliters were 

required for this work, the percentage yield was not determined. 

2-chloroacryl.Yl Chloride Source 

2-chloPoacrylyl chloride was ob-tained commercially from Willow 

Brook Labs., Inc., Waukesha, Wisconsin. The compound was assumed to 

be sensitive to atmosiriieric moisttxre and therefore was handled either 

in a dry box or on a vacuum line. The 2-chlaroacrylyl chloride had 

a straw color when It was taken from the bottle but was colorless 

after trap-to-trap distillation in a vaccum line at room temperature 

using a liquid nitrogen cooled collection trap. 
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Acrylic Acid Source 

Acrylic acid was obtained cnuBercially from Eastman Organic Choi-

icals, Eastman Kodak Company, Rochester, New York and from J. T. Baker 

Chemical Company, Phillipsburg, New Jersey. The acrylic acid was 

trap-to-trap distilled immediately before use at room temperature 

using a liquid nitrogen cooled trap for collection. Purity was veri

fied by njnr and "by comparison with the reported vapor i^ase IR spectrum 

of Peairheller and Katon.^" Because distillation tends to remove 

stabilizing agents, the distilled c«npound could not be stored, and 

was always used immediately. As a further precaution to minimize 

photochemlcally induced polymerization acrylic acid was always stored 

in the dark as was acrylyl chloride and 2-chlQroacrylyl chloride. 

Preparation of Deuterated Acrylic Acid 

To a 10 ml round bottom flask fitted with a ground glass joint 

were added approximately 5*0 ml acrylic acid (0.073 mole) and about 

1.4 ml DgO (0*076 mole)* The round bottan flask was then allowed to 

s-tand for about twenty-four hours* At this point, porcelain boiling 

chips were added to the mixture and the DgO was removed by vacuum 

diatlllatlon at room temperature* Usually, after the DgO had been 

removed, the acrylic acid froze to form a white solid* In order to 

Insure that all of the DgO had been removed, the distillation was not 

terminated until part of the acrylic acid had also been removed. 

After completion of the distillation, about 0.90 ml* fresh D2O 

was added. After allowing the sealed round bottom flask to stand for 

at least five hours, the D2O waus again removed by vacuum distillation. 
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In order to Insure complete water removal, several pieces (usually 

enough to absorb moat of the liquid) #4 mesh Drierite (anhydrous 

CaSO^) were added. After standing several minutes with the Drlerite, 

spectra were taken of the vapor drawn from the flask. If no 0-H 

stretch peaks could, be detected, the deuteratlon was considered 

successful. The deuterated acrylic acid was always prepared imme

diately before use and never stored after an experiment. 



CHAPTER IV 

ACRYLYL CHLGRIDEi VIBRATIONAL 

ASSIGNMENTS AND DISCUSSION 

Introduction 

The matrix-isolated and vapor-phase spectra of acrylyl chloride 

confirmed the observations of Katon and Peairheller^^ in that many 

of the bands were doubled. This effect was seen in both the argon and 

nitrogen matrices as well as in the vapor-phase spectra. The most 

plausible explanation for the doubling is the presence of two isomers, 

s-cis and s-trans (Figures 1 and 2). Other possible explanations 

will be discussed later. It is therefore necessary to make assign

ments for both isomers. Because both Ukaji^O and Cur1^2 found that 

the s-trans rotomer predominates in the vai>or phase and further in

formation is lacking, it was assumed that the more intense bands were 

due to the s-trans rotomer* 

Vibrational Assignments 

4000 cm"^ - I'iOO cm"^ 

This region of the spectrum has relatively few bands (Figures 

3 and 4)* The bands that arise from fundamental vibrations are rela

tively easily assigned on the basis of characteristic frequencies. 

The rest of the peaks result from combination or overtone bands. 

The bands corresponding to fundamen-tal vibrations occur near 

3123 em'^, 3043 cm'^, 2989 cm"^, 1785 cm"^, 1770 cm'^, 1619 cm'^ and 
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Figure 1 

Acrylyl Chloride molecule s-trans rotoner with principal axis of 

inertia. Geometry from Curl. 
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Figure 2 

Acrylyl Chloride molecule s-cis rotmer with principal axis of inertia. 

21 
Geometry from Curl. 
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Figure 3 

Spectra of acrylyl chloride vapor with 1 m path length. Weak absor-

ptions due to HCl and other impurities are evident. Absorption due 

to these species increased in intensity on remaining in the long 

path cell overnight. The most reliable bands are indicated in 

table lA. 
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Figure 4 

Spectra of acrylyl chloridet 

A) isolated in argon matrix, M/S « 400; 

B) isolated in nitrogen matrix, M ^ - 450 

C) vapor phase in 10 cm cell (pressure is reduced in de-tail to show 

structure of the carbonyl region). 
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-1 
1626 cm" (Figures 3 and 4). Of these lines only the ones below 

2000 cra"̂  are observed in the matrix-isolated state* The rest were ob

served in the vapor phase using a long path cell by IR spectroscopy and 

in the liquid phase by Raman techniques .^^ The band at 3123 cm"-'- was 

assigned as the out-of-phase CH- stretching vibration irtiile the peak 

at 3043 cm~^ was assigned as the in-phase CH stretching. These are 

typical frequencies for vinyl carbon-hydrogen bonds." The lower 

frequency band was assigned as the symmetric CH2 stretching because 

it was polarized and more intense in the Raman spectrum* This is 

typical behavior for compounds of this type*^-' Further, in ccanpounds 

such as H2O, D2O and H2S, which possess an in-phase and an out-of-

phase vibration, the in-phase vibration has the lower frequency.^ 

The band at 2989 cm"^ is assigned as the C-H stretching vibra

tion as it is the only remaining unassigned line in the region* 

The peaks at 1785 cm"^ and 1770 cm"-'- are both very strong in the 

infrared and Raman spectra* These peaks are assigned as the carbon 

oxygen stretch on the basis of characteristic frequencies.3° Because 

the higher frequency is more Intense in the vapor phase and the as

sumption that the s-trans form predcaninates in the vapor phase at room 

temperature it is assigned as the stretching mode of the s-trans con

former while the peak at 1779 cm"^ is assigned as the C-0 stretch 

of the s-cis conformer. 

The peaks near l625 cm" possess frequencies typical for the 

carbon-carbon double bond stretch54»55 and are assigned as such. 

Although the vapor phase spectra con-tains only one medium PQR band 
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in the region, two peaks, I626 cm" and I619 cm" , are resolved in 

the nitrogen and argon matrices. On the basis of relative intensities 

of the peaks and assuming that the molecules are trapped in the matrix 

at the same ratios as they exist in the vapor phase, the peak at 

1626 em"^ Is attributed to the s-cls rotomer and the peak at l6l9 cm"^ 

to -the s-trans rotoner. 

The rest of the peaks in the 4000 cm"-'- to I5OO cm"-'- region are 

attributed to overtone or combination bands except the two bands near 

2646 cm~^ and 2325 cm"^ which are due to impurities. Most of these 

bands were observed only when the multipass cell was used and were not 

seen in the matrix-isolated spectra* 

1500 cm"^ - 900 cm""̂  

As in the region from 4000 cm"^ to 15OO cm"^ many of the peaks 

in this region (Figure 5) may be assigned primarily on the basis of 

characteristic frequencies* However, because of the greater popula

tion density of peaks and the overlap of some characteristic frequency 

ranges in this region, certain assignments require additional evidence* 

The band at 1395 cm"^ is attributed to the cr CHg scissor band 

in accordance with characteristic frequencies*^^ In the vapor phase, 

the peak has a PQR structure which is perfectly formed except that 

the R btranch "-tails off*" In the matrix, the peak appears as a single 

sharp peak, indicating whatever distorted the R branch was not a fun

damen-tal vibration but instead was probably a combination band of some 

sort* As ml(P̂ t be expected, the s-trans and s-cls isomerization has 

no observable effect on this particular vibration* Also, analogous 



Figure 5 

Spectra of acrylyl chlorideJ A) in argon and B ) in vapor. Condi

tions for samples same as in Figure 4* The nitrogen matrix spectra 

closely resemble the argon matrix data. 
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to acrylyl fluoride,"*56 ^^^^ highly symmetrical vibration gives rise 

to a strong, polarized peak in the Raman spectrum. 

The a CH band appears near 1285 cm"^. This vibration gives a 

very weak IB peak but a strong, polarized Raman peak* As is the ctise 

with related molecules, the bend of the single G-H occurs at a lower 

frequency than does the scissor bend*"»^ 

The band near 1149 cm" has almost the opposite behavior of the 

Y C-H vibration in that it has a very strong IR Intensity and a weak 

polarized Raman scattering* It is assigned as the £ CHg rock. The 

vibration appears to be much less symmetric than the C-H bend as it 

gives rise to a larger oscillation in the dlpole monent* Again, as 

is the case with the rest of the C-H bends, there is no resolution 

of s-cls and s-trans peaks. 

The band near 973 o ' (Figures 5 and 6A) in the vapor phase 

spectrum is Interpreted as the CHg twist* The peak is strong in the IR 

spectrum but weak in the Raman spectrum where it is depolarized as 

would be expected for an out-of-plane vibration* The frequency of 

973 cm"^ compares well with the average of 990 cm"-̂  for the same 

vibration in acrolein^* 55 and butadiene* 57»58 

Although, in the vapor phase spectrum the absorption appears as 

a single POP band, in the matrix-isolated state there are two sharp 

peaks* The more intense 973 cm"^ peak is attributed to the s-trans 

form while the less intense peak, 981 cm~l, is attributed to the s-cis 

form. 

In the vapor jAiase IR spectrum the band at 938 cm" appears with 



Figure 6 

Detail of acrylyl chloride spectrat A) argon matrix; B ) argon matrix 

C) vapor phase. 
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a strong PQR structure, however, in the argon matrix it shows two sharp 

peaks separated Iqr about 3 cm"^ (Figure 6B). The peak at the lower 

frequency is about one third the intensity of the peak at the hi^er 

frequency. Because of these observations and the lack of a similar 

occurrence elsewhere in the spectrum, it is tempting to assign this 

peak as the C-Cl stretch. The 3 cm'"'- shift corresponds rou^ly to 

the expected isotope shift for 35ci and 37ci in that frequency range 

while the relative peak helots correspond well to the natural abun

dance of the Isotopes of chlorine (-'̂Cl 75,5356, ̂ '̂ Cl 24.47?6). Un

fortunately, however, the characteristic C-Cl stretch occurs at much 

lower frequencies. Usually between 600 cm"-*- and 700 cm"^.^^ Further, 

the band is very weak in the Raman spectrum which is not the case in 

acetyl chloride,3° It is consoling, however, that King in a series 

of matrix-isolated spectra of chlarlne^<«»taining c<»pounds also 

failed to observe the isotopic splitting of chlorine in some cases. 

A better choice for this assignment seems to be the C-C stretch. 

The band resembles the corresponding vibration in acrolein^ with its 

medium IR band intensity and weak Raman intensity. 

The rest of the lines in the 1500 cm"^ - 900 cm"^ region are 

weak in the vapor phase and disappear upon matrix-isolation. They 

are attributed to overtone and combination bands. 

900 cm-1 . 33 em-1 

The assignments in this region (Figures 7 and 8) are somewhat l ess 

cer-tain than those in the other regions because of the relat ively high 

number of bands and the greater overlapping of characteristic 



Figure 7 

Spectra of acrylyl chlorides A) argon matrix, B) nitrogen matrix 

(the bands not drawn closely resemble those in argon), c) vapor phase. 
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Figure 8 

Par-infrared spectra of acrylyl chloride vapors A) 10 cm path; B)l 

meter pathf C) 4.6 meter path (the "Q" and **?** bands may be completely 

due to 1^0 absorptions)) D) upper trace is background using 8.4 meter 

path and polyethlene windows, middle trace is 2.8 meter, and lower 

trace Is 8.4 meter path. Shaded areas are peaks due to impurities, 

principally HCl, 
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frequencies. The assignments were aided primarily by ccanparison of 

the spectra with those of similar compounds. 

The CHg wags of the two isomers are assigned at 751 cm"l and 

743 cm-1 (Figure 6C). These frequencies are similar to those of 

acrylyl fluoride53»56 and acrylic acid although they contrast with 

that of acrolein whose CHg wag occurs at 959 cm-̂ .̂ '*' Both acjrylyl 

fluoride56 and acrylic acid have the CHg wag near 810 cm-1 and both 

show a complex series of peaks resembling those seen at 744 cm"! in 

acrylyl chloride. Both compounds also show bands corresponding to 

the s-cis rotomer seen here at 744 cm" • 

The s-cis and s-trans carbon chlorine stretching bands are as

signed as 709 cm-1 and 608 cm-^ respectively. The assignment is made 

in spite of the disconcerting factss the matrix-isolated peaks are 

among the sharpest in the entire spectrum, the s-cls peak is more 

intense than the s--trans, and the s-cis and s-trans peaks are sepa

rated \jy over 100 cm"l. These assignments are necessary, however, 

because these are the only peaks in the region of the carbon chlorine 

stretch characteristic frequencies that are strong in both the infra

red and Raman spectinun. 

AS mentioned previously in the discussion of the peaks in the 

region of 930 cm"!, the fact that these peaks are only about 2 cm"! 

wide at half-height and are not split, although disconcerting, is less 

bothersome in light of King's^ results which revealed C-Cl isotopic 

splittings in the neighborhood of one or two wavenumbers. 

The reason for assigning the more intense band to the s-cis, isomer 
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is that it follows the pattern of the other s-cis peaks of either 

vanishing or becoming much weaker in the crystal phase IB spectrum.21 

Apparently, the anomaly of the Intensity reversal results from a larger 

dlpole moment oscillation in the s-cls rotomer than in the s-trans 

rotomer. Drawings of the two forms (Figure 9 and 10) indicate that 

the C-Cl stretch should alter the dlpole moment more in the s-cls 

form than in the s-trans form. 

The tremendous magnitude of the rotoner peak separation is not 

as disconcerting as it may seem at first glance, when one considers 

the spectrum of oxalyl chloride. In that case, the C-Cl stretching 

peak separation is over 50 cm" for the two rotomers. The separa

tion of peaks due to isomerization in the two compounds is a function 

of the changing force constants since other parameters affecting fre

quency remain the same. However, the exact reasons for such a large 

change (about 36^ in acrylyl chloride) is not clear. 

The bands near 649 cm"l and 542 cm" are assigned as the C-H 

wagging modes. The average of these two peaks is close to the value 

of the C-H wag in acrolein^^ and in l,3-butadiene.57f58 it ĝ apparent 

that this vibrational mode is also affected by rotational isomeriza

tion. 

The assignments concerning the deformations of the acyl chloride 

group follow those of Overend and co-workers.3^ Their work on acetyl 

chloride is based on three isotopic molecules. They assign the OCCl 

wag (514 cm-1) higher than the OCCl scissor (436 cm"!), which is as

signed hl^er than the rock (348 cm-1). Following the same pattern. 
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Figure 9 

Acrylyl chloride molecule (s-trans -̂ otomer) with van der Waals radii 

indicated. 

i 



43 

Figure 10 

Acrylyl chloride molecule (s-cis rotomer) with van der Waals radii indi

cated. 
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the s-trans rotomer bands are assigned as 494 cm-1 for the out-of-

pUne wag, 451 cm'l for OCCl stretching mode, and 348 cm"l for OCCl 

rocking. 

The s-9is scissoring and wagging modes apparently occur in a 

diffuse band at 451 cm* and appear to be resolved in the two matrices. 

Assuming that the mode which undergoes the smallest frequency shift 

(the scissoring mode) also has the smallest intensity change, the 

431 cm" peak is assigned as the s-cis OCCl wagging. The s-cis rock 

is believed to be the weak band observed at 36I cm"l. 

The only possible peak for the vinyl rock (fiC-C-C) is located at 

260 cm-1. 

The C-C torsion Is observed in the far-infrared at IO6 cm , which 

is near the value reported by Curl and co-workers'̂ ^ in a microwave 

study and agrees with the findings of Pateley et al, 3 

Discussion 

Although the doublets observed in the matrix-isolated spectra are 

attributed to the presence of two rotomers, there are other possible 

explanations for the doubling of bands in the matrix-isolated spectras 

(a) The doubling may be a '^wtrix effect," i.e., the result of inter

actions of the sample molecule with the matrix material. Although, it 

is likely that sane effects of this type are observed, the fact that 

many of the doubled peaks in the matrix-isolated spectra are also 

doubled in the vapor phase spec-tra Indicates that doubling for the 

most part is due to another cause, (b) The "extra" bands may be the 
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result of polymer formation. The probability that this as a major 

factor seems small in li^^t of the relatively high H/S ratios used, 

the high intensity of the doubled bands, and the (thou^ rather limited) 

spectral observations made as the sample diffused during matrix warm-

up. (c) The doubling may be the result of vibrational coupling in

volving, for example, the C-C torsion. Doubling of this type has been 

observed in the vapor phase spectrum of hydrogen peroxide. In the 

case of hydrogen peroxide, the doubling apparently reflects a differ

ence in the Internal rotation potential energy function In the ground 

and vlbrationally excited s-tates. * For acrylyl chloride, however, 

analogous coupling would probably require a gauche rotomer in equi

librium with either s-cls or s-trans forms. Although the exact geom

etry of laoMera Is not determinable from these experimen-ts. The s-trans 

form is known to be planar from microwave studies,^^ Further it has 

been noted that acrylyl chloride behaves much like acrylyl fluoride 

in both Its vapor phase and matrix-isolated IR spectra.5^ Since, 

microwave studies l?y Keirns and Curl" determine planar s-trans and 

8-els forms of acrylyl fluoride, it is assumed that both forms of 

acrylyl chloride are also planar. 

The possibility of the occurrence of any or all of the above 

factors cannot be rigorously excluded. In fact, thay all seem to 

affect the spectra of acrylyl chloride to some extent. However, it 

does ssM that for reasons presented here and in previous sections that 

rotational isomerization is the principal cause of peak doubling. 

Prc« data presently available for acrylyl chloride very little 
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cap be said about the potential energy curve involved in the rotation 

about the C-C single bond. However, some semi-quanti-tative deductions 

can be made about the general shape of the potential energy curve. 

Firstly, the fact that large amounts of both isomers are observed in 

the vapor phase at rocMB temperature indicates that the minima of the 

two forms are fairly close. Katon and Feairheller^l reported on the 

basis of temperature dependent IR peak intensity changes in the vapor 

phase that the two potential energy minima are separated by 

600 cal./mol. Attempts were made to verify this; however, even at tem

peratures as high as 90° C no discernible intensity changes were noted 

in the vapor phase spectra, (Usinr a Boltzmann distribution, at 25° C 

the ratio of s-cis to s-trans would Ve 0,36 while at 90° C the ratio 

would be 0,44 assuming an energy difference of 6OO cal,) Therefore, it 

is concluded that the energy differerce is closer to the energy separa

tion in acrylyl fluoride (25O cal./mole). ^ (if ̂ he energy difference 

between the two forms Is only 250 cal., then the ratios become 0.66 

at 25° C and 0.71 at 90° C which would be more difficult to detect.) 

Secondly, because both s-cls and s-trans forms can be trapped in the 

matrix before relaxation can occur, the potential barrier must be 

relatively high. The same behavior is observed in acrylyl fluoride^ 

where the barrier has been found to be 5*78 kcal./mole in vinyl chloride 

solution. An approximate representation of the C-C rotation potential 

energy curve for acrylyl chloride is presented in Figure 11. 
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Figure 11 

Quali-tative potential energy curve of acrylyl chloride for rotation 

about the C-C single bond. 

A " AE of conversion from s--trans to s-cis, 

B <• AE of conversion from s-cis to the least stable gauche s-tate. 
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CHAPTER V 

2-CHLOROACRYLYL CHLORIDEi 

VIBRATIONAL ASSIGNMENTS AND 

DISCUSSION 

Introduction 

Since no Raman data and very little far-infrared data (one spectrum 

in a nitrogen matrix between 400 cm"l and 200 cm"l) were available for 

2-chloroacrylyl chloride (Figures 12 and 13) the vibrational analysis 

of this compound is necessarily inconplete. However, the vapor phase 

spectrum (lO cm cell) of 2-chloroacrylyl chloride has been scanned 

as well as the spectrum of 2-chloroacrylyl chloride isolated in matrices 

of argon and nitrogen. Prom these data, most of the vibrational modes 

can be assigned. 

In general, since the spectrum of 2-chloroacrylyl chloride was 

found to follow that of acrylyl chloride quite closely the assignments 

for 2-chloroacrylyl chloride were made using acrylyl chloride as a 

basis of comparison. Also helpful were the vibrational analyses of 

oxalyl chloride,"̂ l**̂ ^ various ethylene chlorides,'^^•^^ and 2-chloro-

propane. 

Vibrational Assignments 

4000 cm-1 _ ĵ Q̂Q ̂^̂ -̂1 

Like acrylyl chloride, 2-chloroacrylyl chloride has very few 

fundamental bands in the region between 4000 cm" and I5OO cm" (Figure 

14). Other than a very few weak combination and overtone bands observed 

51 
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Figure 12 

?-chlaroacrylyl chloride molecule (s-trans rotomer) with principal 

axis of inetrtia. Gecnetry taken from acrylyl chloride and various 

unsaturated organic compounds. Geometry assumes planar struetiire. 
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Figure 13 

2-chloroacrylyl chloride molecule (s-cis rotomer) with principal axis 

of inertia. Source of geometry same ais Figure 12. 
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Figure 14 

Spectra of 2-chloroacrylyl chlorides A) isolated in argon matrix, 

M/5 « 50O1 B ) isolated In nitrogen matrix, M/S - 55OJ C) vapor phase 

with 10 cm path. 
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in the vapor phase, no bands were seen in the region above 1800 cm' • 

The carl)onyl stretch appean at 1776 cm*l in the argon matrix. 

The band is strong and very sharp and seems to be unsplit in contrast 

to the behavior in acrylyl chloride and oxylyl chloride.°1 The only 

other band that appears in the region in the argon spectrum is at 1746 

em f however, this band could not be definitely assigned. It is not 

clear whether this band arises from a rotomer that is present in very 

low concentrations, is due to combination band of some sort or is the 

result of SOBS other effect such as matrix effects (additional lines 

caused by multiple trapping sites). 

The C«G stretch exhibits a similar behavior. This band occurs 

near I609 om'l and also appears to be unsplit except for a much smaller 

peak occurring at about I60O <»-l. Again the second peak is so much 

smaller that the poasibility of the band being a combination band or 

overtone must be considered, however, in this case it is difficult 

to find a suitable combination of frequencies that would give rise to 

the proper frequency. The peak may be due to matrix effects. 

Other than the bands already described there are very few bands 

In this region. These bands could not be assigned as fundamental 

vibrations, but may be due to combination bands or matrix effects. 

1500 em'l - 900 cm'l 

The region between 1500 cm'l and 900 cm"l (Figure I5) Is richer 

in peaks than the region above I5OO cm'l however, compared to acrylyl 

chloride there are relatively few bands. 

The 6CH^ scissor vibrational mode appears near 1395 cm"l with a 



Figure 15 

Spectra of 2-chloroaerylyl chlorides A) in argon, B) in nitrogen, 

C) vapor phase. 10 cm path. 
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PQR band envelope in the vapor phase which is what would be expected 

for this type of vibration. As is the case with acrylyl chloride, it 

collapses into a single sharp peak i-i both the nitrogen and argon 

matrices. The frequency of the 6 CHj> scissor mode is 1396 cm"l in 

the nitrogen matrix for 2-chloroacrylyl chloride and 1395 cm"l for 

acrylyl chloride in the same matrix. 

The peak at 1359 cm"! in the argon matrix is rather disturbing. 

At first glance it seems to be the CHg scissor bend arising from 

another rotomer. A priori, however, this particular vibration should 

show very little effect due to rotational isomerization and, indeed, 

in acrylyl chloride and in acrylic acid the corresponding peaks are 

unsplit. Further, considering the lack of clear evidence of split

ting in the carbonyl and carbon-carbon vinyl stretches it would seem 

unlikely that the GH_ scissor peak should be split. Because this 

peak occurs in the vapor phase spectrum as well as in the matrices it 

is clearly not due to matrix or trapping site effects. The most rea

sonable assignment for this peak seems to be as a combination band 

of the 73^ cm'^ and ^̂ 35 cm" peaks. 

The rext fundamental frequency ^s the GHp rocV which occurs at 

11^1 cm"l in the argon matrix. In acrylyl chloride this vibration 

occurs at 1149 cm"l and in chloroethjlene°^ it is at 1117 cm"l. 

Although 1181 cm" for the CHg rock 's a somewhat higher frequency 

than it IF in some related compounds, there are no other peaks in 

the regior of sufficient intensity for this assignment. Probably, 

the higher frequency is the result of steric hinderances of the 
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6 CHg rock (see Figures l6 and 17). 

Agair there is an unexpected peak (ll91 cm-1) in the argon and 

nitrogen matrices and again the corresponding vibration in acrylyl 

chloride is a sharp single peak in the same matrices. In this case, 

the extra peak may be the result of the 640 cm-1 peak and 552 cm-1 

peak forming a combination band. 

The bands resulting from the C-C stretching vibration and the 

6 CHp twist for 2-chloroacrylyl chloride are found in the region be

tween 1000 cm-1 ^j^ ^QQ ĵjj-l (Figure 18, A and B ) . For 2-chloroacrylyl 

chloride, the frequency of the C-C stretch is 975 cm while for acrylyl 

chloride the frequency is 973 cm"l. The 6 CHg twist appears at 938 cm"l 

in the 2-chlaroacrylyl chloride spectrum and 935 cm"l in the acrylyl 

chloride spectrum. It should be pointed out, however, that the 

intensities of the two bands relative to one another are exactly 

reversed for the two compounds and that on this basis the assignments 

could instead be made in the reverse order, however, because of the 

close similarities of the frequencies and intensities of other 6 CH 

modes, the assignment order was not reversed although this is not 

enough reason to make a definite ass.̂ gnment, 

900 cm"l - 200 cm"-̂  

Both acrylyl chloride and acrylic acid are replete with vibrational 

bands in this region. By canparlson, very few were observed in the 

spectrum of 2-chloroacrylyl chloride (Figure 19). Unlike the other 

two compounds, the multi-pass cell was not oaployed. Further, the 

only far-infrared data obtained was one scan from 200 cm"! to 400 cm'l 
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Figure 16 

2-chloroacrylyl chloride molecule (s-trans rotoottr, planar geometry) 

with van der Uaals radii indicated. 
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Figure 17 

2-ehloroacrylyl chloride molecule (s-cis rotosMr, planar geometry) 

with van der Waals radii indicated. This conformer is probably ex* 

tremely unstable due to severe crowding of the chlorine atoms. 



Figure 18 

Detail of spectra of 2-chloroacrylyl chloride isolated in argon. 
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Figure 19 

Spectra of 2-chloroacrylyl chloride: A) argon, B ) nitrogen, C) vapor 

idiase, 10 cm path. 
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of the compound trapped in a Ng matrix. Many of the fundamental 

vibrations no doubt occur in the far IR region. 

The 6CHg wag appears at 756 cm-1 in acrylyl chloride and 876 cm"l 

in 2-chloropropene,°° For 2-chloroacrylyl chloride, the 6 CHg wag 

occurs between the frequencies for the other two compounds at 794 cm"l. 

In the case of acrylyl chloride, this frequency is split "by about 

12 cm-1 as a result of s-cis - s-trans isomerization, however, in the 

case of 2-chlaroacrylyl chloride, it is not split. 

One of the most striking features of the acrylyl chloride and 

oxalyl chloride vibrational spectra is the large separation between 

the acyl G-Cl stretching peaks. The s-cis and s-trans peaks come at 

708 cm-1 and 607 cm-1, respectively, in oxalyl chloride."1 In both 

compounds the splitting due to isomerization is greater than 50 cm-1. 

2-chloroacrylyl chloride, however, does not follow this patterns two 

peaks appear at 731 cm" and 728 cm- (Figure 18C) which could be 

assigned to G-Cl stretching of the two rotoaers, howevrar, the sep

aration and the relative intensities (at least in the matrix) indi

cate that this doubling is probably due to 35GI and 37ci isotopes. 

The vinyl C-Cl stretch has a very similar structure to the acyl 

C-Cl stretch except that the peak is much less intense. This vibra

tional mode has a frequency of about 635 cm- far 2-chlaroacrylyl 

chloride. In the case of 2-chloropropene,"° the peak occurs near 

644 cm-1. The splitting in 2-chloroacrylyl chloride is again so small 

(5 cm" ) that it is probably due to the chlorine isotope effect rather 

than to rotational Isomers. 
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The YOCCl wag is split in acrylyl chloride with peaks occurring 

at 451 cm"^ (s-trans) and 439 cm"^ (s-cis). For oxalyl chloride 

the symmetric 50CC1 wag peaks appear at 391 cm' and 510 cm" for 

the s-trans and s-cls forms respectively. For 2-chloroacrylyl 

chloride, the 552 cm' peak is assigned as the ̂  OCCl out-of-plane 

wag. As is the case with other peaks in the reglcm, the peak does 

not seem to be split. The location of the vinyllc C-Cl bends vary 

somewhat from compound to compound. For 2-chloropropene derivatives, 

the in-plane bend arises from 343 cm"^ to 311 cm' while for 

chloroethylene the in-plane bend occurs at 398 em* in 2-chloropropene 

deuterium derivatives. For 2-chloroacrylyl chloride the in-plane C-Cl 

bend is at 299 cm"l while the out-of-plane bend occurs at 402 cm" . 

The 6 OCCl rock (in plane) is found at 384 cm"l (s-trans) and 

361 cm-1 (s-cis) in acrylyl chloride. Qxalyl chloride's OCCl anti

symmetric rocking modes occur at 220 cm""'- and 194 cm" for the s-trans 

and s-cis somers, respectively. The 2-chloroacrylyl chloride frequency 

appears to be the weak unsplit band occurring at 359 cm' • 

A total of four fundamental vibrations remain unassigned. They 

are vCHg in-phase stretch, vCHg out-of-phase stretch, 6 C-C-G rock, 

and C-C torsion. The carbon-hydrogen stretches are normally found 

in the region near 3000 cm'l. The in-phase and out-of-phase vibra

tions occur at 3043 cm-1 and 3123 cm'l, respectively, in acrylyl chlo

ride. Although the peaks of these vibrations are normally quite weak 

in infrared spectra, they often are strong in Raman spectra and the 
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peaks would, therefore, probably be located if Raman spectra were taken 

of liquid 2-chloroacrylyl chloride. Alternatively, the peaks may be 

found in the vapor phase with a multi-pass vapor cell or possibly in 

the spectrum of the compound in the crys-taline s-tate. The 5 C-C-C 

rock and T C-C torsion normally occur at rather low frequencies. For 

acrylyl chloride, they appear near 36O cm"l and I06 cm-1 respectively. 

In the case of 2-chlarois:opene the 6 C-C-C rock is located near 370 

cm"l "° and in oxalyl chloride the T c-C torsion is found at 55 cm-1. 

The 6 C-C-C rock and T C-C may therefore be found by a far IR scan 

using a multi-pass vapor cell. 

Discussion 

Unlike acrylyl chloride and acrylic acid, it is not clear that 

2-chlaroac]:ylyl chloride has two stable rotomers at standard condi

tions. Althoui?̂  some bands appear to be doubled, several that mi^t 

be expected to be split do not show clear evidence of isotopic split

ting. Some that appear to be doubled in the 2-chloroacrylyl chloride 

spectrum, such as the 6 CHg scissor and 6 CHg rock, are the bands which 

show the least tendency to split in acrylyl chloride. On the other 

hand, bands which are clearly split in acrylyl chloride's vibrational 

spectrum, such as the Y CHg wag and the Y OCCl wag, fail to show clear 

evidence of splitting in 2-chloroacrylyl chloride. Perhaps, the most 

blatant case of different splitting behavior concerns the C-Cl 

stretches, which are split liy over 100 cm-1 in acirylyl chloride but 

which are split l?y such a small magnitude in 2-chloroacrylyl chloride 

that it may be attributed to chlorine isotope effects. 
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In general, a compound with adjacent double bonds may behave in 

one of three ways concerning rotational iscanerization. Firstly, it 

may possess two s-table rotomers (usually, planar s-cis and s-trans) 

acrylyl fluoride°3 and acrylyl chloride exemplify this behavior; sec

ondly, it may have one relatively stable conformer and another much 

less s-table conformer such as is found for buî adiene and oxalyl 

chloride, 1 and thirdly, it may only possess one stable Isomer. An 

example of the latter is found in the canpound shown. ° 

<o> 

cn-i 0 

\ ' // 
r. G 

>^ \ 
'̂  ^Et 

Prom the data it is apparent that 2-chloroacrylyl chloride does 

not follow the first case, i,e, it does not exist as two s-table roto

mers, however, it is difficult to determine from the current data 

whether this compound is an example of the second or third case, 

Qxalyl chloride, which may be viewed as a close relative of 2-chloro

acrylyl chloride in which the methylene group has been replaced ly 

an oxygen (Figures l6, 17) has a stable planar s-trans conformer and a 

non-planar gauche conformer (Figure 20) which is about 1,6 kcal/mol, 

less stable. Since both conformers of oxalyl chloride are readily 
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observable in the vapor phase, it Is apparent that if 2-chloroacrylyl 

chloride has another conformer, it is less s-table lyy at least 1.6 

kcal/mole than the predominant form. Experimentally, one method to 

determine the existence of the other form would be to scan the vapor 



-i ~5vis ?a>Iy-^rfod' a i ^ s >£llXqa©^s iibl-^x^^jlo f-fff«3« '̂ i-?̂  ^ ^ e M s j u l i IvficTcaB 

/ J »< ^ j s 

«s - a ^ o i 9ldiiJ3 '̂ v-̂  i!.« ts.f:=:3 ^mr 8'!;•̂ ^ .t' ,s»/ ie-'S-- i-ar?!. srtj • ;^ITol .:?<;: 
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Figure 20 

Newman projections of the stable conformations of oxalyl chloride. 

A) s-trans rotomer, B ) s - c i s rotomer. Note that the s - c i s rotomer i s 

not planar. 
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of the compound at elevated tonperatures. If a second stable conformer 

exists it should become apparent as thermally excited molecules become 

•trapped in the higher energy state. Also, it would be beneficial to 

scan a matrix deposition made with the sample mixture heated to high 

temperatures. If the potential energy barrier between the two con

formers is sufficiently hi£^, both rotoners should be trapped and 

observable. 

Of course, to complete the study it would also be necessary to 

conduct a more complete far IR study (especially in the region of 

the T C-C torsions 100 cm-1) and a Raman investigation of the com

pound. Obviously, much could also be determined by attacking the 

conformational problan directly and caarrying out a microwave and/or 

electron difractlon study of the ccaipound. 

Despite the fact that some information is lacking, deductions can 

be made concerning rotational isomerization of 2-chloroacrylyl chlorides 

(a) The compound exists predominantly in one conformation at s-tandard 

conditions, (b) By analogy to oxalyl chloride that stable confor

mation is probably the planar s-trans conformation, (c) If a second 

conformer exists it almost certainly is not planar because of steric 

hinderances (Fig. 17) and by analogy to oxalyl chloride, (d) The 

energy difference between the two conformers is great; at least 1.6 

kcal/mol. (Figure 21). 
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, ( lS Sixq ĵEt) ,XoH\leo;( 



Figure 21 

Qualitative potential energy curve of 2-chloroacrylyl chloride for 

rotation about C-C single bond. 

A) /£ of conversion from s-trans to s-cls 

B ) A£ of conversion from s-cls to the least stable state of rota

tion about the C-C bond. Dashed line indicates the potential 

energy curve if the high energy isomer is nom-^laaar. 



77 

ROTATION 



CHAPTER VI 

ACRYLIC ACIDs VIBRATIONAL ASSIGNMENTS AND DISCUSSION 

Of the three molecules discussed in this work, the vibrational 

analysis of acrylic acid is the most difficult. In spite of the fact 

that more experiments were performed on acrylic acid than on the other 

molecules and the widest use of such techniques as isotopic substi

tution were employed on this conpound, the vibrational analysis of 

acrylic acid is the least certain. 

One reason for the difficulties in making acrylic acid assign

ments is the presence of hydrogen-bonded dimers in many of the com

pound's spectra. To alleviate the dimer problem, very dilute matrix/ 

sample ratios ( w2000 l) were employed. The krypton matrix, for 

example, was rather dilute and its spectrum is practically free of 

dimers. One difficulty with dilute matrices, however, is that weak 

bands are more difficult to detect. 

The vibrational analysis of acrylic acid was greatly aided liy 

replacement of the acid proton by deuterium. Comparison of the spectra 

of the protonated acid and deuterated acid helped to insure that peaks 

were assigned correctly. It was found that, although deuteratlon of 

the acid protons was nearly 100^ efficient for vapor phase spectra, 

due to exchange with hydrogen in the sample handling equipment, the 

effective percen-tage of deuterated molecules was reduced to about 

50^ in matrix-isolated experiments. 

The matrix-isolation experiments seem to verify the results of 
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Bolton and co-workersl" which indicated that acrylic acid exists as 

s-cis and s-trans rotomers (Figures 22, 23)• Since both isomers are 

present in more or less equal amounts, it is difficult to distinguish 

whether a peak is due to the s-cis or s-trans Isomer, Because the 

s-trans isomer predominates^ in various related compounds, it was as

sumed that if a difference in relative band intensities existed the 

s-trans isoner was responsible for the more Intense peak. 

Vibrational Assignments 

4000 cm-1 - 1500 cm-1 

As is the case with acrylyl chloride and 2-chloroacrylyl chloride, 

this region (Figures 24 and 25) has the fewest peaks, however, due to 

dimer formation it is somewhat richer in lines than the other two 

compounds. 

The bands in the region near 3550 cm" are attributed to the 0-H 

stretchjng modes of the mononerlc s-cls and s-trans isomers. The fact 

that the i>eaks are only a few wave ntimbers wide at half height (Figure 

26) is striking canpared with the liquid and vapor phase spec-tra where 

the band is broadened by dimer formation. Peairheller and Katon ° were 

not able to assign the frequency of the 0-H stretch very accurately 

because they observed only a broad band envelope stretching from 3200 

cm-1 to 2500 cm-1. There is evidence of splitting due to ro-tatlonal 

isomerlzatlonf however, in most ma-trices the splitting is quite small 

and not well resolved. As expected upon deuteratlon of the acid proton, 

the stretching frequency experiences a large shift (PiguTe 26), 

As is the case with acrylyl chlraride and 2-chloroacrylyl chloride. 



saaa ^j^sisoai:, rfjoc? ^snl?'- AfS «SS s'-rxjf^l^) e':--^!aolo-T g j tT^ i -a '••••N.3 flja-e 

na;;-%nii'axt5 o* ^fls.fail'l^Is at i t ,..-<t̂ ?o^aJ? J!i.jpe ^as»T UD 9^x^r' rsi i-n'3'>• 

erfi- saXiAosS ,'s^««>?f;.! i.n::»:..2"."® '̂ '̂  S lS"^ "̂ fW o-i eux? ?;, -- • .s '.rsWd-̂ riw 

o.:'- ei;5 iT^vswod .Jv.ssiq ,fsvivsj adi a^'i f^iS bst.': -t'-S aa-xirasl's) « O 1 . ^ T -.'. t 

} l -0 dri j o i h-yiirfxM.tJ'js sife •'"(itD 0??C '2«9n aolj^sf- sr. f , t l a&ffad ©d? 

s r r i r ^ ' i ) d-dj^'ail b.-; i i^^blv aisdrnm •^vaxt ifi,^ -» -ilfro H' IA siVjasKj Hi l t x.tsrii 

vi'rsj< ^""^o^z-i fcn£- •33l lei i 'x:;«'^ .f!o,i:j&ia;u=; I9*u & vc hecL&bic.;'.id e i ^ :'^ fii'+ 

tflO^OTq; bitui i,a • '},•> ao -;\,^ur>G ifogii Jbaio^'-fK- • • . i ^v .wsf t . . _\f iv JPofl fee 

*(^:-: 91.1;^:" I :'- .... ar?-fei - •>.arv!r»t''i •.,- » ** 3i7x,:teJ»TJ-a erf* 



Figure 22 

Acrylic acid molecule (s-isaaa rotomer) with principal axes of inertia 

(C axis is perpendicular to the A and B axes). Geometry from Ukaji.13 
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Figure 23 

Acrylic acid molecule (s-cis rotomer) with principal axis of inertia 

(C axis is perpendicular to the A and B axis. Geometry from Ukaji.^ 
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Figure 24 

Spectra of acrylic acids A) isolated in nitrogen matrix, M/S « 250; 

B) isolated in krsrpton matrix; C) isolated in argon matrix; D) vapor 

fhase 10 cm path length. 
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Figure 25 

S-pectra of deuterated acrylic acid (isotopic purity % 50^) 2000 cm-

1100 cm-1; A) argon matrix, B ) nitrogen matrix. Shsuied area are due 

to proton acid. 
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Figure 23 

Acrylic acid molecule (s-cls rot(»er) with principal axis of inertia 

13 
(C axis is perpendicular to the A and B axis. Geometry from Ukaji. -^ 
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the C-H stretching modes could not be located with IR spectroscopy. 

Althou^ the multi-pass vapor cell was used with this compound, the 

C-H stretching modes were burled under the large dimeric 0-H stretch

ing peak. According to Raman da-ta collected "by Feairheller and 

''̂ atonl̂ , the main bands in the region around 3000 cm'l occur at 3112 

cm" (medium), 3076 cm" (strong, polarized), and 2998 cm" (weak). 

Using reasoning discussed in the acrylyl chloride section the peaks 

are assigned s 3112 cm-1 asymmetric stretch, 3039 cm-1 CHg symmetric 

stretch, and 2998 cm"l CH stretch. 

The carbonyl stretches occur at somewhat lower frequencies for 

acrylic acid than for the acid chlorides. In all matrices they are 

found in the I76O cm" region. However, the magnitude of splitting 

and the relative intensities of split peaks vary fron matrix to matrix. 

The peaks are perhaps the clearest in the krypton matrix where the 

s-cis and s-trans peaks appear at 1764 cm" and I76I cm" respectively. 

Upon 1®0 substitution of the carbonyl oxygen, the band shifts to about 

1732 cm-1,70 

The carbon-carbon double bond stretching mode is located in the 

region near I630 cm"l. In the krypton matrix, the s-trans and s-cis 

modes occur at l632 cm"l and 1623 cm"l respectively. Typically the 

intensity of these,stretching modes is weak. 

There are other peaks in this region in the matrix-isolation 

spectra. As in the acid chlorides, some are attributed to overtone 

and combination bands. However, others arise fran H-bonded dimers 

especially in the region just below the carbonyl stretch. 
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1500 cm"l - 900 cm"l 

This region of the spectrum has a plethora of peaks canpared with 

the acid chlorides (Figures 25, 27, 28), The vapor phase spectrum is 

complex due to dimer formation but is considerably simplified hy matrix 

isolation. 

The region between 1460 cm"l and 1400 cm"l in the vapor î uise 

spectrum is covered yjy a rather complicated band attributed to the 

CHg scissor mode. In the matrix isolated spec-tra, the only intense 

line in the region appears at 1410 cm" (krypton matrix). The sharp 

peak that is seen at l4l2 cm" in the vapor phase spectrum is apparently 

a Q branch while the large Intense band at about l440 cm"l is the re

sult of dimer formation. The fact that there are several low intensity 

bands in the region attests to the presence of several varieties of 

dimers. 

The G-0 stretching frequency is rather difficult to locate in 

the vapor phaise spectra because of fie numerous band envelopes in the 

area. Peairheller and Katon placed the frequency at 1413 cm" , which 

is a typical frequency for some acids, for example, trifluoroacetic 

-135 
acid whose carbon-oxygen stretching frequency is located at 1415 cm ,'^'' 

However, matrix-isolation experiments indicate that the C-Q stretching 

vibration actually has a frequency closer to 1330 cm-1 which is between 

the frequency for trifluoroacetic acid and acetic acid whose G-0 

-1 34 
stretching frequency comes at 1259 cm .-"̂  

The typically weak-in-plane C-H bend is buried under what is 

apparently a dimer peak in vapor phase spectra. In the argon matrix. 



Figure 27 

Spectra of acrylic acids A) nitrogen matrix, B ) krypton matrix; C) 

argon matrix, D ) vapor phase. 
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Figure 28 

Spectra of deuterated acrylic acid (isotopic purity »50^) HOO cm-1 -

400 cm' : A) argon matrix, B) nitrogen matrix. Shaded areas are due 

to -proton acid. 
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the peak is observed at 1254 cm" , 

The CH. rock is seen at 1184 cm"^ in the krypt(m matrix as a rather 

strong peak along with a much weaker peak that is the result of trapped 

dimers. 

One of the strongest peaks in the entire spectzrum is the large 

PQR band at 1139 cm . In the matrices the peak appears as a very 

intense, sharp and unsplit spike. Principally on the basis of com-

34 
parison with acetic acid-^ the peak is assigned as the COH bend of the 

s-trans isomer. The s-cis Isomer band is assigned at 1018 cm"! in the 

argon matrix even though in the vapor phase the band envelope has no 

Q branch. The assignment is made on the basis of growth of this peak 

in heated vapor cell experiments'^ and because this peak shows the 

same effects of 0 substitution as does the 1139 cm- peak,' 

The CHg twist and carbon-carbon single bond stretch are assigned 

following the pattern of acrylyl chloride and 2-chloroacrylyl chloride. 

The CHg twist c<Mnes at the highest frequency, appearing at 993 cm-1 

and 998 cm" for the s-cis and s-trans isomers respectively. The 

carbon-carbon single bond stretch is found at 976 cm" and 969 cm"l 

for the s-cis and s-trans isomers respectively. As expected none of 

these frequencies are appreciably affected by deuteratlon of the acid 

proton or ty 1 0 substitution,' 

900 cm"l - 33 cm"l 

Only two fundamen-tal frequencies, the C-C-C bend and the C-C 

torsion were assigned below 400 cm' . The region between 65O cm" 

and 450 cm"''- is therefore rather crowded with fundamental frequency 
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lines (Figures 28, 29). In addition to making use of ^^Q substitution^® 

and acid proton deuteratlon on acrylic acid, a vibrational study of 

acetic acid isotopic molecules was consulted,' 

The CHg wag is assigned at 815 cm"l and 811 cm-1 for the s-trans 

and s-cls isomers, respectively, in the krypton ma-trix. The frequencies 

are about 66 cm'l above the CHg wagging modes of acrylyl chloride but 

only about 22 cm-1 above the wagging mode of 2-chlaroacrylyl chloride. 

The assignments for the carboxylic acid group deformations (OCO 

scissor, OH torsion, carboxylic group wag and carboxylic group rock) 

were made following the pattern of acetic and trifluoroacetic acid 

isotopic derivatives . Assignments are shown in Table 1. 

The OGQ scissor is found near 6l6 cm"l. For acetic acid this 

vibration has a somewhat higher frequency than the rest of the carbox

ylic deformations and it is assigned following that pattern here. 

Upon deuteratlon, the frequency shifts to 592 cm" which is about the 

same magnitude of shift the corresponding acetic acid vibration under-

18 
goes upon deuteratlon. When the 0 substitution is made, no detectable 

shift is observed. This vibration shows a very small split resulting 

from rotational isomerization with the peak from the less predominant 

form red shifting hy only a few wave numbers. 

The O-H torsion is assigned at 568 cm"l in the argon matrix. 

Doubling the mass of the acid proton should affect this mode more 

than the other carboxylic deformation modes and upon deuteratlon the 

frequency shifts by about l60 cm"l. There is, as expected, a very 

small (less than 5 cm"l) 1^0 shift,''̂  In the krypton matrix two peaks 



Figure 29 

Spectra of acrylic acids A) nitrogen matrix, B ) krypton matrix, C) 

argon matrix, D ) vapor phase. 
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Table I 

Trif luoro Trlfluoro 

Vibrational ace t i c acet ic GĤ -COOH CĤ COOD CD̂ COOH CD̂ COOD 

Mode acid acid d 

OCO scissor 

OCO wag 

OCO rock 

OCO torsion 

781 ,«»'̂  

663 

390 

577 

778 

615 

390 

416 

639 

581 

428 

535 

604 

545 

418 

422 

610 

563 

408 

479 

535 

531 

? 

409 
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are resolved at 566 cm-1 and 563 cm-X corresponding to s-trans and s-cls 

respectively. 

By canparison with acetic acid and the raaaining unassigned bands, 

it is apparent that the carboxylic group rock and wag give rise to the 

two peaks located between 5OO cm"l and 450 cra"l. Because both bands 

have a large Q branch in the vapor phase spectrum, the frequencies 

cannot be assigned on the basis of band shape. Also, because neither 

band exhibits much effect due to rotational isomerization, this effect 

cannot be used as a criterion. Upon 1°0 substitution, however, it is 

found that the 488 cm" band breaks up into four smaller bands corre

sponding to the four isotopic compounds' while the 472 cm" band is 

hardly affected. On this basis, the 488 cm" band is assigned as the 

wag and the 472 cm" band is assigned as the rock (476 cm" s-cis. 

472 cm"l s-trans argon matrix). Upon deuteratlon the 488 cm"l band 

blue shifts to 501 cm"l and the 472 cm"l line shifts to 474 cm"l. 

However, when all four deformation frequencies are arranged in order 

for both the deuterated and non-deuterated molecules, it is found that 

the four frequencies red shift as predicted for a harmonic potential 

function,-^^ 

The C-G-C rock is assigned to a weak peak found at 250 cm"l. 

The same peak occurs at 26O cm"l in acrylyl chloride. 

The C-C torsion occurs at 110 cm"! in acrylic acid. This is 

slightly higher than the IO6 cm"l frequency for the same mode for 

acrylyl chloride. 
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600 

580 

560 

640 

520 

500 

480 

460 

440 

420 

400^ 

Protonated 

6608-
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'"488 
P472 

Deuterated 

408 

-OH 

^ 0 
P - Ĉ ^ rock 

,0H 
0) « C 

0 

wag 

r - C ' ^ H C-O twist 

^ 0 
6 - c ; 7 bend 
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Discussion 

All of the fundamental vibrations of acrylic acid monomers have 

been assigned. However, the bands arising from hydrogen-bonded dimers 

have not been explicitly assigned. Since the hydrogen-bonded dimer is 

in itself a legitimate chemical species, its fundamental vibrations 

may provide a basis for further study. In order to carry out such a 

study, a distinction between the bands which arise from the (a) cyclic 

and (b) non-cyclic type dimer would have to be made. 

/ 
— C . 0 — H . . . C. 

^0 . . . H C \ C ^ 

(b) — C ^ 0 — H • • • 0 

H — 0 C ' 

One possible experiment to aid with this objective would be the use 

of a twin jet deposit system in which the vapor of the acid from acrylic 

acid liquid vapor is deposited simultaneously with pure dilutant gas, 

because of higher concentration of the acid vapor this technique should 

ensure trapping primarily cyclic type dimers and, assuming they are the 

form of vapor phase dimer and thereby allow a distinction to be madm. 
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Before this work was initiated, microwave data had already provided 

evidence that, at room tonperature in the vapor phase, acrylic acid 

exists as two stable rotational iscniers. Because the microwave studies 

revealed that the value of Ar(Ar - i^ - i^ _ ig) was -0,049 Amn.k^ 

for the s-trans form and -0,054 Amu.A for the s-cis form it was also 

known that both forms are very nearly planar (Figures 30, 31). The 

IR work discussed here has revealed that the two isomers are present 

in nearly equal amounts in both the vapor and matrix-isolated s-tates. 

In cases where one form does seem to predominate, it was assumed that 

the dominant form was the s-trans isomer by analogy to related com

pounds. Experimentally, it is difficult to determine whether the pre

dominating isomer is s-cis or s-trans. The geometries of the iscaners 

may be determined Ijy conducting microwave or electron diffraction 

experiments at reduced temperatures in which the lower energy forms 

are present in larger percentages. Once the gecanetry of the low energy 

form is known, temperature dependent infrared studies could reveal 

which peaks are fran the s-cis and which are frcan the s-trans isomers. 

Unlike most other a,0 unsaturated compounds which can only inter-

convert by means of rotation about the C-C bond, acrylic acid has an 

additional interconverslon mechanism. If the acid proton tunnels to 

the carbonyl oxygen, the rotomer type is converted (Figure 32). In 

fact, if the proton changes bonding from one oxygen to the other liy 

any mechanism the rotomer type is converted (provided there is no 

rotation about the C-C bond in the mean time), A possible alternant 

mechanism would be by ionization in solution. In the discussion of 
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Figure 30 

Acrylic acid molecule (s-trans rotomer) with van der Uaals radii Inci-

cated. 
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Figure 31 

Acrylic acid molecule (s-cis rotomer) with van der Waals radii indi

cated. 



Figure 32 

Illustration of proton tunnelling mechanism of s-trans - s-cis inter

converslon, ' 
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acrylyl chloride, it was postulated that, because both iscaners were 

trapped, the barrier of rotation was high. The postulate followed 

because it was known that the molecule did not come to equilibrium 

during the cooling process since once the molecules were trapped in 

the matrix rotation could not occur. The situation with acrylic acid, 

however, is not as simple because proton tunneling is not jdiysically 

hindered by the matrix material as is rotation about the C-C bond. 

The results of these experiments seem to indicate that proton tunnel

ing does not occur when the ccanpound is in the matrix-isolated s-tate, 

or at least not at a very fast rate. Since the lower energy farm would 

be present in higher percentages at 6 K (matrix temperature) than at 

room temperature, if tunneling occurs in the matrix, the peaks corre

sponding to the lower energy form should grow with time, however, no 

change in relative peak Intensities was noted even after the sample 

had been trapped on the matrix for over three hours. Evidently, the 

proton tunneling mechanism is a sufficiently high energy process to 

not occur at the low matrix temperatures. These observations, however, 

do not preclude its occurrence at higher tonperatures in the vapor 

phase. 

The potential energy curve for acrylic acid is very similar to 

that of acrylyl chloride (Figure 33). The energy of the two minima 

are very close while the height of the rotation barrier is high (on 

the same order of acrylyl fluoride). The hel^t of the tunnelling bar

rier has not been determined but is also assumed to be hi^. 



Figure 33 

Qualitative potential energy curve of acrylic acid for rotation about 

the C-C single bond, 

A « AE of conversion from s-trans to s-cls 

B " AE of conversion from s-cls to the least stable gauche s-tate. 
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A very worthwhile experiment involving isomeric ratios would be 

a study of the effects of iriiotochemlcal excitation on the Isomers. 

Goldfarb and co-warkers32»33 YiSLve conducted similar experiments with 

acrolein and but-3-en-2-one. Basically, the conpound is deposited 

in the normal manner and the IR spectrum is -taken. The matrix isolated 

Bample is then irradiated with ultraviolet light and the results are 

observed by means of another infrared spec-trum. The results of Gold-

farb*s experiments were useful because the compounds he studied existed 

as orginally pure s-trans and the s-cls was generated. A useful follow-

up on this type of experiment would be to test if the s-trans - s-cls 

conversion in acrylic acid can also be initiated photochoiically and 

to observe what changes in isomer ratios can be brought about by 

U,V. excitation. Naturally, acrylyl chloride would be an Interesting 

subject for this type of experiment and 2-chloroacrylyl chloride would 

be especially Interesting because this procedure may lead to genera

tion of the s-cls or other less s-table isomer type. 



CHAPTER VII 

CWCLUSIONS 

The infrared spectra of acrylyl chloride, 2-chloroacirylyl 

chloride, and acrylic acid has been recorded in the vapor phase 

and in the sMtrix isolated state from 4000 cm* to 400 cm' 

The far-infrared spectra of acrylyl chloride and acrylic acid 

has been recorded from 400 cm' to 33 cm'^ and the far-infrared 

spectra of 2-chloroacrylyl chloride was recorded from 400 cm'^ 

to 200 cm-^. 

All fundasMntal vibrations of acrylyl chloride and acrylic 

acid have been assigned while 14 of the 18 fundamental vibratians 

of 2-ehloroacrylyl chloride have been assigned. 

The infrared spectra of matrix-isolated acrylyl chloride and 

acrylic acid tend to confirm the existance of s-cis and s-trans 

rotomers for these two compounds. 

In contrast to acrylyl chloride and acrylic acid 2-chloroacrylyl 

chloride probably form only one stable isomer. By analogy with 

oxalyl chloride the stable isomer probably has the s-trans stxiicture 

and is planar. If a less stable s-cls type isomer exists, it almost 

certainly is not planar. 

Additl<mal experiments have been proposed to further illucidate 

the stiiicture and vibrational analysis of acrylyl chloride, 2-chloro

acrylyl chloride and actyllc acid. 
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A. Tables of Observed Infrared Frequencies of Acrylyl Chloride 
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C. Tables of Observed Infrared Frequencies of Acrylic Acid 
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^pandix A 

Tablaa of Observed Infrared Frequencies of Acrylyl Chloride 
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TABLE lA 

Infrared Spectra of Acrylyl Chloride Vapor 

FPEQUENCY, 
cm"! ASSIGNKENT FREQUENCY ASSIGNMENT 

3561 

3536 
3524 

3410 
340^ 
339? 

2 X 1785 - 3570 

2 X 1770 - 35^*0, (s-cis) 

1785 ••- 1619 - 3404 

2554R 
2546Q 1397 + 1149 - 2546 
2539P 

2477R 
2470Q 1149 + 938 -*• 384 - 2471 
2463P 

(a) 

3129R " 
3123Q 
311^P 

30ft4 

30UP 
^043Q 
303« 

208PQ 

2910 

2766 

2714 

2699 
269IQ 

2646Q 

2580-90 

CHj, out-of-phase 

CH^, in-phase 

CH 

1785 + 1140 ' 2934 
1619 + 1285 - 2904 

17P5 * 980 - 27^5 
1619 + 1149 - 27*̂ 8 

17«5 + 938 - 2723 

1785 + 2 X 451 - 2687^*^ 

impurity 

impurity band present 

2442 
243 5Q 
2426 

2304R 
2297Q 

2383 
2370 

2350 

2304R 
2297Q 
2289P 

2224 

2092 
2081 

2040 

1149 + 1285 » 2434 

1785 + 607 - 2392 
1397 + 9PC - 2377 

1397 + 938 - 2335 
impurity band present 

2 X 1149 - 2298 

1619 + 607 - 2226 

1149 + 938 - 2087 

1785 + 260 - 2045 

(a) '2601 and 2470 are given Ij 1619 + 10^4 - 2693 and 1397 + 1074 - 2471, 
reapectively, (binary combinatiom) if 1074 should be a fundamental 
frequency. Reasonable ternary eor.binations are suggested for these 
two frequencies only. 
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Vibrational Spectra of Acrylyl Chloride 

VAPOR 
PHASE 

195?w cm-1 

lPP3w 
lP73w 

1791sh 

1785VS 

1770VS 

1729VW 
I694R, WW 
I6PIP, WW 

16? 5R 
l6l9m,Q,m 
I613P 

1553R 
15'*5Q,ww 
1541P 
1518R 
1512Q,vvw 
1503P 
1471R 
l462Q,vvw 

I420sh 
1404R 
1397Q,S 
1390 

NITROGEN ARGON 
MATRIX MATRIX 

178lsh 
1779VS 1779VS 

I766VS I766VS 
1764vs 

1755 1755 

1625vw l626vw 

I6l4m I6l8m 

1615sh 
1598w 

l429vw 
I4l2w I4l7vw 

1396s 1395s 

RAMAN* 
(l iquid) 

1767VS, P 

1<20 vs, P 

I435w,h 

1399s,p 

ASSIGNMENT 

2 X 980 - i960 

2 X 938 - 1876 

^C - 0 

^ C - 0 ( s - c i s ) 

polymer 

1619 + 106 = 1725 

708 + 982 - 1690 ( s - c i s ) 

Ĉ -C ( s - c i s ) 

Ĉ - C 

Polymer ? 

607 + 938 - 1545 

1619 - 106 = 1513 

938 + 494 - 1432 
2 X 708 - 1416 ( s - c i s ) 

6GH^. sc issor , (s-trans 
and s - c l s ) 



:^ , :>f c iifr^'^V 

'•'li^iiAH 
r-) 

i ! • r 

r 

C*" 

•• - . - H . 

/ 1 

['=' 

- - r i f 

r • 

^ fV 

^••Jw v ^ 
•S-



122 

Table IIA. continued 

VAPOR 
PHASE 

133W 
I3I8Q?, WW 

1294R 
1285ft, vw 
1275P 

1236vM 
1226yw 
1204R 
1200Q,yv 
1191 

II57R 
ll49Q,y8 
1142P 

1083R 
1074Q,yw 
1070 

1054vw 

986R 
982Q 

980Q,vs 

974P 

947R 
938ft,s 
932P 

872Q,vw 
865P,Q?,yir 
793Q, yyw 
75^.» 
751* 

' 

NTTRXEN 
MATRIX 

r 

11498 

1140W, sh 

1074yw 

987* 
9818 

978v8 

936m 

934m,8h 

76OW 

ARGON 
MATRH 

1284 

11498 

1074yw 

986w 
981a 
977sh 
973v8 

9358 

93IJ1 

789VW 
756w 

RAMAN* 
(liquid) 

1352w,p 

1290s, P 

II5IW. P 

1080VW 

980w,bd 

937VW 

ASSIGNMENT 

1080 + 269 - 1349 (llq.) 

938 + 38"* - 1322 

6CH 

980 + 260 - 1240 

938 + 260 - 1198 

6CH2, rock 

708 + 361 - 1069 (s-cis) 

607 + 384 - 991 
6C}^, twist (s-cis) 

6CH2, twist 

VC-C 

vc-C . (a-cis) 

384 + 494 - 878 
607 + 260 - 867 

YCH2, wag 
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Table IIA. continued 

VAPCR NITROGEN ARGON RAMAN* 
PHASE MATRIX MATOH (liquid) 

743Q,« 
742 
740 
738 

718R 
108Q,v8 
703 

657R 
649Q,w 
642P 

614R 
6lOQ,8 
607Q,8 
601P 

542B, bd 

500R 
494Q,» 
485P 

'*55 
^51Q.» 

445ii 
4368h 

391R 
384Q,w 
376P 
361Q?, 8h 

260vw, b 
200 -WW 

ASSIGNMENT 

746m 

708v8 

607v8 

496m 

452W 
445sh 
440w 

385ir 

(262yvw) 

744w y^Hg, wag, (s-cis) 

705V8 7llw, P vCCl, (s-els) 

YCH, wag 

605v8 6l5m-8, P vCCl 

496a 501vw 

yCH, wag, (s-cis) 

YOCCl, wag 

447w 445s, P 60CC1, scissor 
44l8h 
439H 6 OCCl, scissor, (s-c ls) 

432vw yOCCl, wag, (s-c is) 

390w, P 60CC1, rock 

*0CC1, roek, (s-cis) 

269m * CCC, rock 
2 X 106 - 212 

106Q,vvw vc-C, toraion 

'•'Proi Katon and Faairhellar^. 
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TABLE IIIA 

Fundamental Frequenclas of 
Acrylyl Chloride 

NUMBER 

l , ( a » ) 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

l^.(a«*) 

15 

16 

17 

18 

S-TRANS S-CIS 

3123 

3043 

2989 

1785 

1619 

1397 

1285 

1149 

938 

607 

451 

384 

260 

980 

756 

649 

494 

106 

c.i-1 

1770 

l626a 

1397a,b 

l l49e ,b 

931a 

708 

439a 

361 

982 

743 

542 

432a 

APinOXIMATE 
DESCRIPTION 

vCHg, out-of-phase 

VCHg, In-phase 

VCH 

vC«0 

vc-C 

6CH9, acissor 

6CH 

6CH2, rock 

6 C-C 

6CC1 

60CC1, scissor 

60CCI, rock 

6 
CCC, roek 

yCHg* twist 

YCHg, wag 

YCH, wag 

YOCCl, wag 

TC-C 

a, argon matrix value 

b, only one strong, sharp band in matrix-isolation. 
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î >p«ndix B 

Tables of Obseryad Infrared Frequandas of 2-chloro8crylyl Chloride 
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TABLE IVA 

Vibrational Spectra of 
2-Chloroaerylyl Chloride 

VAPOR 

3554 cm-* 

1889 w 

1793y8 
1784y8 

1755« 

1615 R 
l6llm Q 

1574w 
15^7w 

1398 R 
1394 Q 
1389 P 

13'̂ 6a 

13571B 

1182m 

11748h 

ll4lw 

NITROGEN ARGON 
MATRIX MATRIX 

1798vw 
1789yw 

1778vs 1776vs 

1769W 
1766w 

1748w 1747W 
1739yw 

I609m 1608 
1600 

1396w 1392m 
1389 

13^3w 13'̂ 9m 
1358wsh 
1355VW 

1191W 
1186w 11F9W 

1181W 
1176w 1179W 

ASSIGNMENTS 

i X 1784 

943 X 9777 

vC » 0 

1366 + 398 

vC - C 

2(794) 

^CHg scissor 

728 + 639 

550 + ^0 

6CH- roek 

977* 982m 978m8h 
975m 

6CH2 ̂ ^̂ ^̂  
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Table IVA. continued 

VAPOR 

947 R 
943 Qvs 
937p 

798 
794 Qm 
788 

740V8 

734v8 

642 
635 Qm 

552w 

NITROGEN 
MATRH 

966w 
962VW 

944s 
939w 

93OVW 

791w 

742m 

737 
732sh 

64 5w 
64Cm 
636w 

440vw 

402m 

398m 

299s 

ARGON 
MATRIX 

96IW 
957VW 

9468h 
9388 
936vw 

790w 
788 

73«>w 
736m8h 
731v8 
72«8 
724vw 

639w 
6>+ 

55OW 

ASSIGNMENTS 

vC - C stretch 

YCHJ wag-

vC-Cl acyl with 
' Isotope effects 

vC-Cl ylnyl with 
isotope effects 

YOCCl wag 

& OCCl scissor 

YCCl wag 

6OCCI scissor 

6CC1 in-plane 
bend 
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TABLE VA 

FundasMntal Frequencies of 
2-Chloroaer7lyl Chloride 

NUMBER 

l.a» 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

I4,a»» 

15 

16 

17 

18 

FREQUENCY 

1776 em-1 

1660 em-1 

1395 cm-1 

1174 em-1 

938 em-1 

730 em-1 

630 cm-1 

398 cm-1 

359 cm-1 

299 cm-1 

975 cm-1 

794 cm-1 

552 em-1 

402 em-1 

APHIOXIMATE 
DESCRIPTION 

vCH2 

vCHg 

vC -

vC -

6CH2 

6CH2 

VC -

VC -

VC -

out-of-phase 

in-î iase 

0 

C 

scissor 

rock 

C 

CI, acyl 

CI, vinyl 

6OCCI scissor 

6OCCI rock 

6CC1 

6CCC 

yCHg 

YCH2 

vinyl 

rock 

twist 

wag 

YOCCl wag 

YCCI 

TYC -

wag 

C torsion 
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^>pandix C 

Tsbles of Obsarvwl Fraquancies of Acrylic Acid 
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TABU VIIA 

Fundanental Frequenci( 
of Acrylic Acid 

es 

NUMBER 

1. a» 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16,a" 

17 

18 

19 

20 

21 

S-TRANS 

3587 ( 

3112 

3039 

2998 

1757 

1632 

1412 

1331 

1254 

1184 

1130 

976 

616 

472 

250 

987 

815 

566 

543 

488 

110 

S-

c-1 

•CIS 

1764 

1623 

1018 

969 

476 

993 

811 

563 

^proxiaate 
Description 

VOH 

vCH2(as.ym«) 

vCH2(sya) 

VCH 

vC • 0 

vC - C 

5CH2 ac^asor 

vC - 0 

5CH 

5CH2 rock 

5C0H 

V C - C 

SOCO scissor 

OCO rock 

(SC - C - C 

YCHjCtvist) 

•yCH2 wag 

T O - H 

5 CH2 wag 

OCO wag 

T C - C 

^•i'^)»iij8?i!8lfe5:>*r;:ViS -S' ./^^'ii'ri^tSj-ji 
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Appendix D 

Molecular Geonetries of Acrylyl Chloride, 2-Chloroacrylyl 

Chloride and Acrylic Acid and Calculated Vapor Phase Band Shapes 
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Acrylyl Chloride 
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Molecular geometry from Curl*"*̂  et al. 
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Acrylyl Chlcjrlde 
s -c i s Isomer 
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Calculated vapcn: phase spectra^^ 
drawing 3 

* Molecular geometry from Curl^^ et. a^. 
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2-Chloroacrylyl Chloride 
s-trans isomer 
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40 Calculated vapor phase spectra ^ 
drawing 3 

* Molecular geometry from acrylyl chloride and various 
halogenated hydrocarbons. 
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2-Chlaroaciylyl Chloride 
s-cls isomer 
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drawing 1 

,40 

Molecular geometry from acrylyl chloride and various 
halogenated hydro<»urhons. 
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Calculated vapor phase spectra^^ 
drawing 2 

* Molecular geometry from Ukaji.^^ 
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DRAWING 1 

Theoretical vapor phase IR bands calculated by Ueda and 

Shisarottchi^^ for molecules with x % 1.2 and y !̂  0.0 where 

C C C 

X • 2 1̂  and y > 1 - f̂  - TT with A, B, C being the rotational 

constants. Bands A, B, C correspond to A, B, C type vibra-

ticms respectively. 
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DRAWING 2 

Theoretical vapor phase IR bands calculated by Ueda and 

ShiMrouchi^^ for aolecules with x R; 1.4 and y Ii; 0.0 where 

c c c 

X • 2 ĝ  and y " 1 * f - J *^^^ ̂ » ^* ^ ^ing the rotational 

constants. Bands A, B, C correspcmd to A, B, C type vibra

tions raspaetively. 
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DRAWING 3 

Thooratical vapor phase IR bands calculated by Ueda and 

Shiaarouchi for BK>lecules with x ': 1.6 and y X 1.7 where 

C C C 
X • 2 ? and y ' 1 ' 7 ~ A ^^^^ A, B, C being the rotational 

constants. Bands A, B, C corresponc to A, B, C typa vibra

tions raspaetively* 




