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THE VIBRATIONAL SPECTRUM OF POLYOXYMETHYLENE 

INTRODUCTION. The interpretation of the vibra- 

tional spectra of polymers, particularly the part of the 

spectra identified with the skeleton, has in the past 

been hindered for lack of theoretical tools. However, 

insights into the fundamental theory of the spectra of 

crystalline solids can be reapplied fruitfully to this 

problem. 

Interpretaticn can follow one of several lines 

depending on the purpose of the investigation. If the 

crystal structure is known, a fairly complete and accurate 

frequency assignment can be hoped for, providing the polymer 

is not overly complex. The work on polyethylene falls in 

such a category. On the other hand 1f the structure of the 

polymer is unknown, its spectrum can frequently be inter- 

preted to favor or disfavor a certain configuration. 

This interpretation can, however, be applied successfully 

only if the polymer contains groups which in similar 

environments display well characterized frequencies . Such 

an approach has been used successfully on some proteins 

and nucleic acids. 

Polymers offer the usual difficulties met with in 

dealing with solids. Some polymers have a plastic character 

which enables them to be obtained in thin films favorable 



for infrared work. Furthermore, such a f 11m can sometimes 

be stretched or rolled so as to produce partial orienta- 

tion of linear chains. Then the well known polarization 

methods furnish a powerful means of' characterizing the 

spectrum. Only in relatively few cases have the structures 

of polymers been subject to x-ray Investigations. The lack 

of crystallinity exhibited by many polymers thwarts an x-ray 

structure analysis. Fortunately, some polymers have fiber 

or thread forming properties which enable orientation of 

the long molecules, producing a crystalline solid. 

Several determinations have been made utilizing this 

property. 

Randomness in structure, both In uncertainty in 

the order of constituent atoms or groups in proceeding 

along the chain, and in disorder caused by random values 

of' an internal rotational angle, is reflected In the 

vibrational spectrum. The changes In the spectrum from 

such disorder, particularly of the latter type, are not 

first order effects. An illuminating treatment of this 

problem is lacking. Undoubtedly stochastic theory vili 

shed some light. 

A striking characteristic of the spectra of long 

chain polymers is their relative simplicity, in view of the 

fact that the molecules frequently contain up to and above 

10,000 atoms. In fact, the longer a molecule of a certain 
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polymer is, the simpler its spectrum! 

Simplicity decreases when the pol3rmer chain Is 

shortened because end effects begin to become significant. 

The end group itself now represents a larger fraction of 

the molecule and Its own vibrational modes must be con- 

sidered. More important, however, Is the fact that as 

the molecule becomes shorter the phase relations between 

adjacent unit cells which are necessary for spectral acti- 

vity are changed and selection modes are relaxed. 

Probably the most thoroughly investigated polymer 

is polyethylene. Interest lles here because lt is the 

limiting case in the paraffinic hydrocarbon series. Its 

simplicity and veli known crystal structure, as well as 

the fact that It can be made to show dichroism, have 

enabled a fairly complete vibrational analysis. 

Polyoxymethylene, the subject of this work, shares 

with polyethylene a simplicity in the basic unit of its 

composition. The former polymer has a structure which, 

although having been the subject of several x-ray Investi- 

gatlons, Is not unambIguously settled. Thus it is the 

problem here to find the structure which is most consistent 

with the spectrum found, and then to proceed to assign 

frequencies properly. There Is an important difference 

between polyethylene and po]..yoxymethylene in their infrared 

activity. It is that all skeletal modes of the former 
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are Inactive infrared, whereas most of those In the latter 

are active. The skeletal modes can thus be studied with 

comparative ease, since the infrared technique is so much 

easier for these materials than that of Reman spectroscopy. 

It remains true, however, that the Raman spectrum yields 

more of the fundamental frequencies (see "Symmetry and 

Selection Rules for Polymer Chains" below), and it is 

unfortunate that the Raman spectrum of polyoxymethylene 

has not yet been studied, since a comparison of it with 

the infrared spectrum should lead to more definite struc- 

tural conclusions than are possible from the infrared 

spectrum alone. 

DESCRIPTION OF THE POLYOXYMETHYLENES. Polyoxy- 

methylene is a polymer of formaldehyde of the forni 

- CH2 - O - CH2 - O - CH - 

There exists another polymer of formaldehyde which is 

basically different, of the form 

H H H H H 
I t t t t 

- C - C - C - C - C - 
t t t ;! t 

OH OH OH OH OH 

This latter polymer is connected with aldol-type condensa- 

tions, and will not be considered here. 

The polyoxymethylenes are classified in several 

ways. There exist two known cyclic polymers. These are a 

trimer known as trioxane, and a ttramer called 
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tetraoxymethylene. An in1rared spectrum of the former 

has been obtained and will be discussed in relation to 

previous investigations. This polymer can be obtained 

commercially. 

The linear polymers are characterized by their 

length and the nature of the end groups. It is necessary 

to choose a polymer long enough that end effects are 

negligible in order to establish a limiting case. Several 

long polymers vere used having different end groups. 

The appearance of the spectrum vas the same for all poly- 

mers whose length exceeded about 100 formaldehyde units. 

These long linear polymers are designated as oc -, 

-, -y -, and eu-polyoxymethylene. Their preparation and 

properties are described below together with paraformalde- 

hyde. 

Paraformaldeyde. Being available commercially, 

this substance is used as a starting material to prepare 

methanol-free solutions of formaldehyde, which in turn 

are used to prepare other polymers. Paraíormaldehyde is 

a mixture of shorter chain polymers (8-50) called polyoxy- 

methylene glycols because the chains are terminated by 

hydroxyl groups. These glycols have the formula HO(CH0)H. 

A]pha-Polyoxymethylene. This polymer o ontains 

from 99.7 to 99.9 percent formaldehyde and is composed of 

polyoxymethylene glycols containing at least, and probably 



many more than, 100 formaldehyde units. It has the appear- 

ance of a colorless powder and melts in a sealed tube in 

the range 170 - 180 C It vas prepared (22, p.131) here 

by adding one volume of concentrated sulfuric acid to lo 

volumes of 37% methanol-free formaldehyde solution. The 

solution is cooled until precipitation is complete. The 

polymer is filtered off, washed and dried. The methanol- 

free formaldehyde solution was prepared by dissolving 

pararormaldeliyde in water, redistilling, and vacuum 

distilling for concentration. The formaldehyde content 

of the solution was analyzed by measuring the refractive 

index of the solution. 

Beta-Polyoxymethylene. This polymer, like its 

alpha relative, consists of polyoxymethylene glycols of 

high molecular weight. It Is prepared by the gradual 

addition of four volumes of concentrated sulfuric acid to 

10 volumes of approximately kO formaldehyde solution. 

The polymer is deposited in a definite crystalline form 

which has much to do with its physical properties. It 

contains a small percent of sulfuric acid (0.2 - 

which is probably absorbed or occluded in the polymer 

crystals. 
Gamma-Polyoxymethylene. This is a high polyoxy- 

methylene dimethy]. ether having the general formula 

CH3'(CH2O).CH3 . Here n has a value greater than 100 
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and Is probably in the range 300 to 500 (22, p.139). The 

presence of the methyl end groupe has been confirmed by 

chemical analysis. It as prepared by the dd1t1on of 

two volumes concentrated sulfuric acid to five volumes of 

Formalln (37% aqueous formaldehyde). Both - and'f - 

polyoxmethylene are precipitated out. However, the former 

can be removed by dissolving it in a sodium sulfite solu- 

tion. The methanol content in the commercial Formalin 

is responsible for the methyl end groups. 

Eu-Polyoxymethylene. Polymerization of anhydrous 

liquid formaldehyde gives rise to this polymer (22, p.1k5). 

There are indications that this polymer has molecules 

oontain1rg 5000 or more formaldehyde units. Since only 

pure liquid formaldehyde is employed, there is a question 

of end groups. These probably arise from impurities 

and cause the polymerization to be terminated. 

The preparation of this polymer requires anhydrous 

formaldehyde. A convenient apparatus for obtaining it by 

vaporizing alpha polyoxymethylene has been described by 

Walker (22, pp.kl-k3). The polymer is dissociated by heat- 

in it in a test tube with a side arm, by means of an oil 

bath. The gaseous formaldehyde is carried by a stream of 

dry nitrogen into a condensing tube where it is liquif led 

by a dry ice-acetone mixture. It is then redistilled into 

another cooled trap. Here the purified liquid is kept 



cooled until polymerization is effected. Several days 

may elapse before complete polytnerization. 

Polyoxmethylene Dimethyl Ethers. These are a 

series of homologous polymers of which the 1-polyoxy- 

methylene discussed above has the highest molecular weight. 

They were studied here as examples of short chain polyoxy- 

methylenes. 

Preparation of one member at a time is not feasible. 

A mixture is obtained by the following procedure (20, p.212). 

Paraformaldehyde is heated in a sealed tube in the presence 

of methanol and a tráce of sulfuric or hydrochloric acid for 

about twelve hours at 165 - 180°C. Heating for longer 

periods will cause the tube to explode because of the 

pressure developed by decomposition reactions. The 

average molecular weight of the product is determined by 

the ratio of paraforinaldehyde to methanol. The ratio 

used here was 6 to i which resulted in most of the 

polymers having less than 50 formaldehyde units. The 

mixture obtained contains besides the dimethyl ethers, 

products which are easily removed by washing with sodium 

sulfite solution. The dimethyl ethers are not soluble. 

A good separation of the ethers is very difficult 

because of the relatively small differences in physical 

propert'1e3 between adjacent homologues. Solubility differ- 

ences permit separation into groups covering a certain 



molecular weight range. Solvents uzed for fractional 

crystallization were petroleum ether, ether, chloroform, 

and xylene. Fractionz whose degree of polymerization as 

determined by melting point (20, p.215) is indicated, 

were obtained. 

Fraction 1. 2. 3. k. 

m.p.(°C) 33-36 k2-60 72-80 106-109 162-167 

n 6 7-10 11-12 1k-15 50-70 

The continuous change in the appearance of the infrared 

spectra oÍ this series is consistent with the increasing 

chain length. 

The Structure of the Polyoxymethylenes. As indi- 

cated from x-ray diagrams, all the polyoxymethylenes exhi- 

bit crystalline structures. In general the x-ray patterns 

are very similar, suggesting that the basic structure is 

the same. 

For paraformaldehyde Ott (13, pp.39k-398) con- 

eluded that the polymer consisted of (CH20)k structural 

units and that a molecule was made up of eight such units 

and 32 cH2) groups per molecule. Ott based his conclusion 

upon his detecting "inner" lines in the Debye-Sherrer x-ray 

diagram. However, this result vas disputed by Mie and 

Hengstenberg (11, p.1052) who claimed that the "iner"lines 

were illusions and that the molecules were long fibers whose 
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elements were connected by ordinary vaience bonds. These 

latter authors concluded the possibility of a planar zigzag 

structure as shown in Figure 1. 

Unit celi determinations show that lt Is hexagonal 
o o 

and has dimensions a = - lt.k6A, h = 17.28 - 17.35A. 

The repeat distance for one formaldehyde unit Is found to 

be 1.89 - l.92Ä. Thus for the planar zigzag structure, 

assuming a carbon to oxygen distance of l.k3L the coc and 

OCO angle must be 8k°, a value which must be rejected. 

Sauter (17, pp.187-193) has proposed a structure 

which seems more likely. First he chooses between the 

zigzag form containing one CH2O unit and an alternative 

"Wannen" or tube form which contains two CH2O . Both 

are shown in Figure 1. Sauter (16, pp.175-179) found that 

the "Wannen" form vas more probable for the closely related 

polymer, polyoxyethylene, (CHCHO)n, than the alternative 

zigzag. Assuming that the CH2O units are linked In a 

"Wannen" fashion there remains the problem of building a 

unit cell. Sauter proposes that there are nine f ormaidehyd 

units in a unit helix chain. The chain circumscribes 

the helix axis four times in this unit so that each f ormai- 

dehyde unit Itself covers 800. The unit celi, apace group 

or , is canposed of three such unit helixes running 

along the edges of a 60° prism. A single unit helix is 

shown in Figure 2. However, it is very doubtful if his 
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ZIGZAG 

PLANAR "WANNEN" 

iiure i 

Zigzag and Vannenu tructure of Polyoxyrnethylene 
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Figure 2 

12 

D Spiral Structura of Polyoxymethylene and the Chair 
Forzi of Trioxane 
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x-ray data could distinguish between nine CH2O units in 

four turns and a simpler two CH2O units in one turn. 

Both of these two spiral structures together with the two 

planar structures, the zigzag and a "Wannen," form will be 

considered. 

Furthermore, neither viscosity, susceptibility, nor 

x-ray studies have been able to differentiate between the 

zigzag and helical models. 

THEORY OF VIBRATIONAL ANALYSIS FOR POSSIBLE 

STRUCTURES. For purposes of Interpreting the infrared 

and Raman spectra of po1yoxrnethylene, it will be necessary 

to predict the allowed number of infrared and Raman active 

modes for the alternative structures. Since the determina- 

tion of selection rules rests on the symmetry of the struc- 

tures, a brief treatment of the symmetry of polymer chains 

will be included. 

Selection rules for finite molecules have been 

treated at length in Wilson, Decius, and Cross (26, pp.l16- 

168). Extension to crystals has been made by Half ord 

(6, pp.8-12) and Hornig (8, pp.1063-1076). Tobin 

(21, pp.891-896) has discussed selection rules for chain 

molecules. 

Symmetry and Selection Rules for Polymer Chains. 

In considering the symmetry of a polymer chain, as is the 

case with crystals, translation must be included as a 
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siìnmetry operation along with the point group operations. 

In addition, there also scznetimes ocem' gilde planes and 

screw axes (2, p.8). The group of these operations make 

up a line group, which Is to a chain what a space group is 

to a crystal. 

Before proceeding further it would be veil first 

to define some concepts used in group theory (io, pp. 526- 

537). A set of elements from a group, and not necessarily 

a subgroup, Is called a complex. If '31 is a subgroup of 

the group 4, then the complex X1/ (or X) is called coset 

where X is an element not contained in ?I . Again, if X 

is an element In , then X1'1 X is also a subgroup, 

and '9 being called conjugate subgroups. For ",/ 

and X1'i X identical for every X in 3 'i Is called an 

invariant subgroup. The factor group is made up of the 

invariant subgroup and its cosets. 

To illustrate the above Ideas for one of the 

possible symmetries of polyoxymethylene, the zigzag form 

viii be considered, The symmetry operations are listed 

below. 

(i). The identity (E). 

(2). Twofold axes which bisect the OCO angle and 

lie in the plane of the chain (C2). 

(3). Twofold axes which bisect the COC angle and 

lie in the plane of the chain (C2' ). 
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(it). Reflection planes perpendicular to the chain 
and through the carbonz (o-). 

(5). Reflection planes perpendicular to the chain 

and through the oxygens ( o-'). 

(6). Reflection plane in the plane of the chain 

(o-"). 

(7). Translations along the chain axis (T). 

A].]. these operations taken together constitute a 

line group. An Invariant subgroup is formed from the 

identity E and the translations T1, T2, T3 .... For 

example, taking X C2 we have C1EC2 E, C'T1C2 

CT2C2 = T2 and likewise for any X. Cosets can be formed 

from this invariant subgroup, as for example the coset 

C2E, C2T1, C2T2 .... The group formed of these cosets plus 

the invariant subgroup form a factor group which expresses 

the symmetry of the unit cell. Hence the problem of a line 

group containing an Infinite number of group operations 

has been reduced to a finite group for the unit cell. 

It is to be noted that a normal mode belongs to the 

factor group only so long 

translation. Modes which 

ed nonfactor-group modes. 

nonfa.etor-group modes are 

taken over all unit cells 

To find the symme 

as it is symmetric with respect to 

do not have this symmetry are call- 

However, for the infinite chain, 

inactive since dipole moments 

cancel. 

bry of a normal mode from the 
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factor group is now straightforward since the factor group 

is isomorphous with a point group. Here the factor group 

is sornorphous with the point group C2. 

The two-fold axes through the carbone and the 

two-fold axes through the oxygeris do not count separately 

because the effect of either operation is the same, the 

difference being only a tran1ation. The same can be 

said about the perpendicular reflection planes through the 

carbons and oxygens. The characters for the unreduced rep- 

resentation re then found from a single unit cell in 
the manner as for an isolated molecule, with two modifica- 

tions. First, translatIons can be combined with the point 

group operations if necessary. Second, if an atom, after 

a symmetry operation, goes Into a position in an adjoIning 

unit cell which could have been achieved by substituting 

for the symmetry operation a sImple translation, then this 

atom can be considered as unmoved by the point group opera- 

tIon In tte unit cell, and for reasons described in the 

standard analysis of finite molecules (26, p.105) contri- 

butes to the character. 

The number of internal vibrational modes for an 

isolated molecule is given by 3n - 6 where n Is the number 

of atoms. Each atom has three degrees of freedom but six 

modes) three translations and three rotations, are external 

motions and must therefore be subtracted. However, for 
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chain molecules the number of vibrational modes Is 3n - k 

'where ri Is the number of atoms in a unit cell. The 

reason for the larger number for the polymer Is that 

rotation of the unit cell about an axis perpendicular to 

the long axis of the molecule is an internal mode. Thus 

two rotations for the isolated molecule become internal 

modes for a polymer. 

Application to Possible Structures. Symmetry of 

possible structures will nov be considered. 

Zigzag. The symmetry of this structure was found 

in the discussion under "Symmetry and Selection Rules for 

Polymer Chains" to be a factor group Isomorphous with C2, 

with only one formaldehyde unit per unit cell. 

Planar "Wannen". As for the zigzag case, the 

symmetry is but with two formaldehyde units per unit 

cell. The line group operations differ for the two struc- 

tures in that whereas the zigzag has twofold axes and ref- 

lection planes perpendicular to the translation, the planar 

"Wannen" has a screw axis and glide plane parallel to the 

trans lation. 

Spiral Structures. The symmetry of a continuous 

spiral is D . By placing n identical motifs, equidis- 

tantly spaced at 21T radian intervals, the symmetry is 

or C depending on whether or not the motif has a two-fold 

axis perpendicular to the helix axis. The integer k, which 



is the number of turns about the helix axis per unit celi 

length, can vary from i to n-1 with the restriction that 

it must not assume a value which is a factor of n, unity 

excluded, of course. This latter restriction is necessary 

because if k/n can be reduced to k'/n'where k'and n'are 

integers, then there is a simpler unit cell of n'motifa 

and k turns. 

It will be useful to examine the relation between 

the angle O, defined as the ongle between the perpendiculars 

to the helix axis through two successive atoms, and t , the 

internal rotation angle, defined as the angie between the 

two planes determined by atoms i, 2, and 3, and 2, 3, and 1, 

from the sequence i, 2, 3, k, using the convention (26, 

p.60) that -r is positive if, viewing the atoms along bond 

2,3 with 2 nearer the observer than 3, the angle from the 
projection of 2,1 to the projection of 3,11 is traced in n 

clockwise sense. Since all C-O distances re the same and 

since for our purpose O-C-O and C-O-C angles will be taken 

as equal, Q and will have constant values which depend on 

k and n. The motifs are spaced at 2ií. radians but because 

each motif introduces two atoms on the spiral 

n 

.Aasuming C-O-C and O-C-0 angles to be tetrahedral the 

expression relating 9 and r is 

cos ' (3cos e + i) 
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The structures considered here are summarized below. 

k Q T 

D2 1 900 60° 

D9 k 800 kO° 30' 

The selection rules for the possible structures 

considered here can be obtained most readily by forming 

the reducible representations from internal coordinates. 

Advantages arise from the ease of application and absence 

of translation and rotation. Further, this method is 

particularly suitable for cyclic symmetry as vil], be seen 
below. 

The first problem is to select internal coordinates 

or linear combinations of them to use as a basis of the 

reducible representations. For the discussion here let us 

restrict ourselves to spiral chains, i.e., molecules of 

symmetry D. For the skeletal coordinates, C-O stretch, 

O-C-O bend, C-O-C bend, and O-C-O-C torsion make four sets 

which permute among their own kind under the operations of 

the group. Such a selection of equivalent coordinates, as 

discussed elsewhere gives rise to four redundancy conditions. 
Rather than select only the number of these internal coordi- 

nates equal to the number of degrees of freedom allowed, 

i.e., 3n - k, it is more convenient to keep complete sets. 

The redundancy conditions will be identified in their 

respective symmetry species. 
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In order to determine the number of times n given 

coordinate occurs in each symmetry species of a point 

group, the expression below is used 

= 21 g x(Y)* 'X 
L 

j 
J 

The symbolism is as follows: is the number of normal 

coordinates in symmetry species Y , g is the order of the 

group, or in other words, the number of operations In the 

group,gj is the order of the jth class of operation, 

is the complex conjugate of the character of the 

th irreducible representation, and X. is the character 

of the reducible representation afforded by the coordinate. 

This formula Is derived by making use of the orthogonality 

properties of the characters in much the same manner that 

Fourier coefficients are found for orthogonal functions. 

Using internal coordinates, each set of equivalent 

coordinates forms the basis of a representation. Contri- 

butions to the character come only when an operation 

transforms a coordinate into itself, i.e., when unity 

appears in the diagonal, remembering that a coordinate 

shifted into an equivalent position in another unit celi is 

counted as unmoved. The set of hydrogen stretch and the 

set of carbon-oxygen stretch coordinates give rise to a 

special case which is called the regular representation. 

Consider the stretching coordinate (either C-H or C-o) 
r1 
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It is found that each operation of the group transforms 

this coordinate into a different member of the set. This 

can be true only when the numb.cr of coordinates belonging 

to the set is equal to the number of operations of the 

(-r) group. Nov a simplification arises in finding n , since 

o only for the identity operation E and further 

since is just the dimension d(') of the species. 

Thus 

(m') 
i d(') g 

g 

Now lt is seen that the number of times the set occurs is 

just the dimension of the species. Thus for doubly degen- 

erate species, n 2. 

The occurrence of a coordinate two times In a 

species need not be troublesome, for this coordinate can 

be formed by linear combination of Its members Into new 

coordinates which occur only once. Hence the reason for 

talking of symmetrical r1 + r6 and antisymmetrica]. r1 - r2 

hydrogen stretches, since lt Is these combinations which 

occur only once in the degenerate species. The set of C-O 

stretches is treated similarly. For degenerate modes the 

concept of "orientatIon" (26, pp.119-121) may enter In. 

This Is discussed In the section concerned with calculating 

normal modes for the D9 spiral. 



22 

Hydrogen Modes. The hydrogen mot1on for 

symmetry 3eprate into two groups according to whether 

they are ymrnetr1c or antisymmetric with respect to the 

twofold rotations perpendicular to the n-fold axis, The 

s7mmetrio division contains bend, twist, and snnmetric 

stretch; the antis,nnmetric group the rock, wag, and anti- 

sytumetric stretch. The selection rules are the same 

within each division, and are placed together in Table 1. 

A brief description of these hydrogen modes should 

be given for an isolated -CH2- group. For symmetric 

stretch both move in phase and for antisymmetric stretch 

both are exactly out of phase, the direction of motion in 

both cases being along the CH bonds. The hydrogens can 

move in a direction perpendicular to the CH2 plane and if 

they do so in phase it is a wag and if out of phase it 

is a twist. The other possibility is motion in the CH2 

plane but perpendicular to the CH bonds. Again if they 
move in the same direction is is a rock and if they oppose 

it is a bend. The motion is, of course, not confined to 

the hydrogens alone, but because of their small mass, 

their amplitude is considerabl; greater than that of the 
carbon and thus the modes can justifiably be called hydrogen 

modes. 

The selection rules for infrared modes of spiral 
molecules permit only two active frequencies for the 



1)2 D3 
s a s a s a 

IR Active B2 B1+B 
3 

E A +E 2 E A -i-E 

R Active M-B2 B1+B2 A1+E E A+B1.+E 

Inactive - - - - - 

D 
s a 

D 
6 

D 
9 t = symmetric 

stretch, rock, IR Active E .A2+E1 E1 A2+E1 E1 A2+E1 and wag 

R Active A,-i-E1+E2 E1+E2 A1+E1+E2 E1+E2 A1+E1+E2 E1+E0 a = Antisymmetric 

Inactive - - B1 E2 E3+E E3+Ek and twist 

C, Zigzag C2. "Wannen" 

A1 A2 B1 B2 A2 B1 E2 

IR,R R IR,R IR,R IR,R R IR,R IR,R 

s-stretch 1 0 0 0 1 0 1 0 
a-stretch O O O i O 1 0 1 

bend 1 0 0 0 1 0 1 0 
rock 0 0 0 1 0 1 0 1 
wag o o 1 0 1 0 1 0 

twist o 1 o o 0 1 0 i 

TABLE 1 - JTYDROGEN MODE ACTIVITY 
'-J 
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int1symmetr1c gro'p. For D2 they are in classes B and 

E3, pra11el and perpendicular to the long translation axis 

respectively. For n > 2 there are actually three normal 

modes, one singly degenerate In A2, and one pair of degen- 

erate modes In E1, which are respectively parallel and 

perpendicular. The smmetrIcal group is active for D2, 

once in species B2, and as a doubly degenerate vibration 

in E1 for n ) 2. These modes have displacements perpendi- 

cular to the long axis. To differentIate between possible 

D symmetries on the basis of infrared activity of the 

hydrogen modes thus appears impossible for n) 2. In 

principle, if perturbations caused the degeneracies to be 

split one could distinguish between n 2 and n) 2, or the 

comparison of the Ramar.. with the infrared spectrum should 

iield a distinction. 

More can be told from Raman activity. For the 

antisymmetric modes only D3 has a single doubly degenerate 

mode. The other symmetries have two frequencies, for D2 

both singly degenerate, for Dk one singly and one doubly 

degenerate, and for n > k both are doubly degenerate. On 

this basis D3 could be distinguished from the rest. For 

the symmetrical motions D2 and D, have each two active 

modes, two singly degenerate and one singly and one doubly 

degenerate respectively. For n ) 3 there are three active 

modes. Dk has two singly and one doubly degenerate 
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vibrations. For n > k there is a singly degenerate 

totally symmetric mode together with two doubly degenerate 

ones. Hence on the basis or the number of modes active in 

the Raman, D and D could be selected from the rest. If 2 

deganeracies could be identified, Dk could be distinguished 

also. 

Two other symmetries which are not spiral must also 

be considered. These are the zigzag and "Wannen". Both 

have symmetry C2. The first has only one CHO group per 

unit cell. The activity for hydrogen motion is given in 

Table 1. However, as vili be seen later, this model can 

be distinguished most readily by examining its skeletal 

region. The "Wannen" or '1boat form which is also planar 

has activities listed in Table 1. It is of interest to 

note that two symmetrical stretches and one antisyrnmetrical 

stretch are allowed in the infrared. This is just the 

reverse of symmetry D where one symmetrical and tvo anti- 

symmetrical are the rule. 

Skeletal Modes. The skeletal normal modes do not 

fall into such distinct classes as do hydrogen motion be- 

cause the internal coordinates described above become some- 

what mixed. Still the classifications stretch, bend, and 

torsion have meaning. It vili be useful to classify modes 

as parallel or perpendicular to the symmetry axis of the 

chain. Pictorially a view of the unit cell along the axis 
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makes lt epjear cyclic. Since all urtt cell8 are in phase 

for our purposes, the tun_planet? or perpendlcul8r modes will 

correspond to those of a true cyclic molecule. The same 

is true for the "out-of-plane" or parallel modes except 

that two vibrations become genuine which are not genuine 

in isolated molecules. These are the two rotations around 

axes mutually perpendicular and parallel to the long axis. 

A complication arises with spiral chains, however, 

which is not met with in true cyclic molecules. It is 

that the chain may circumscribe the axis of the helix more 

than once In a unit cell. This situation arises when the 

structure of polyoxymethylene proposed by Sauter la con- 

sidered. Here during the unit cell period which contains 
nine formaldehyde units the helix axis is circumscribed 

four times. Thus to bring the first formaldehyde group 

into the second, a rotation of 1600 
( . 21r) plus a 

translation of / the unit cell length Is required, This 

complication need not give trouble though. The point group 

D can still be used, but care should be taken in the num- 

bering of the uhunits. The numbering scheme is shown in 
Figure k. 

Selection rules for zigzag, "Wannen", and spiral 

structures are tabulated In Table 2. For the spiral models 

the same tendencies observed In hydrogen mode selection 

rules hold. As n becomes larger, the number of infrared 



Point Group 
Species 

D2 

A' B B B 

D3 
A1 A E A1 A2 B1 

Activity R IR,R IR,R IR,R R IR IR,R R IR R R IR,R 

r,ì- Ql i 
i 

1. 

0 
O 

1 
1 
0 

1 
0 
1 

1 
1 
1 

1 
0 
0 

2 
1 
1 

1 
1 
1 

1 
0 
0 

1 
1 
0 

1 
0 
1 

2 
1 
1 

Redundancies 2 0 1 1 2 0 1 2 0 0 0 1 
IR Active 0 2 2 2 0 2 5 0 2 0 0 5 RActive 2 2 2 2 k 0 5 2 0 3 3 5 

Point Group DIT D6 

Species A1 4 E E2 A1 4 B1 B2 E E2 

Activity R IR IR,R R R IR R R IR,R R 

r, 1 1 2 2 1 i 1 1 2 2 Ql 0 1 1 1 0 1 0 1 1 
vIl 0 1 1 1 0 0 1 1 1 

Redundancies 2 0 1 0 2 0 0 0 i O 
IRActive 0 2 5 0 0 2 0 0 5 0 
RActive 2 0 5 6 2 0 3 3 5 6 

TABLE 2 

SKELETAL MODE ACTIVITY 



point Group D9 

Species A1 A E E2 E3 
k Activity R IR IR,R R - - 

r,t 1 1 2 2 2 2 
9 1 0 1 1 1 1 

q i o 1 1 1 1 

Redundancies 2 0 1 0 0 0 
IRActive 0 2 5 0 0 0 
RActive 2 0 5 6 0 0 

Point Group C2 (Zigzag) C2 ("Wannen") 

Species Â A2 i A A2 BjL BL 

Activity IR,R R IR,R IR,R IR,R R IR,R IR,R 

r 1 0 1 0 2 0 2 0 
9 1 0 0 0 1 0 1 0 
0' 1 0 0 0 1 0 1 0 

0 1 0 1 0 2 0 2 

Redundancies 2 1 0 1 1 1 1 1 IRActive 1 0 1 0 3 0 3 1 RActive 1 0 1 0 3 1 3 1 

TABLE 2 (continued) 
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active modes becomes constant more quickly than does the 

number of active Raman modes. In fact for n> 2, the number 

of vibrations with a resultant dipole is just seven for all 

cases. Of these two are parallel and non-degenerate and 

five are perpendicular and doubly degenerate. For D2, only 

six are active, all singly degenerate with two parallel and 

four perpendicular. 

Raman activity is somewhat irregular with increas- 

ing n. It can be best summarized by dividing n into odd 

and even and treating n = 2, 3, and k separately. For n 

greater than four the rule Is consistent. Thus n = 5, 7,... 

there are tvo totally symmetrical modes and eleven doubly 

degenerate ones. When n = 6, 8, ... there are in addition 

to those above four more singly degenerate ones which are 

antisnnmetric with respect to the C axis. Briefly, 

n 2, 3, and have respectively 6, i, and 8 singly and 

0, 5, 5 doubly degenerate modes. 

The zigzag structure has just two normal modes, one 

perpendicular and one parallel. Both are active in Infra- 

red and Raman. 

Finally, the planar "Wannen" must be considered. 

Ali of Its total of eight motions are ctive in the Raman 

spectrum; one of these modes is Infrared Inactive. Six 

modes are in-plane, and two are out-of-plane (including the 

infrared Inactive mode) and presumably relatively low 
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frequency. 

Coordinates and Redundancies. It will be conven- 

lent to separate the atonrn and coordinates of the unit cell 

of a polrner Into skeletal nd non-skeletal ciases. Non- 

skeletal atoms will be defined as terminal atoms or as 

atoms belonging to terminai submolecules. (Terminal does 

not, of course, refer to the end of the polymer molecule 
since In this treatment it will be assumed as infinitely 

long.) Skeletal coordinates are those needed to describe 

completely the skeleton for any arbitrary displacement. 
The unit cell may involve cyclic units In the skeleton as 

in cellulose, and/or cyclic molecules as submolecules as In 

polys tyrene. 

First consider only the skeleton. Also assume no 

cyclic groups are involved. In this case the multiplicity 
of each atom is two. Thus only three of the four possible 

types of internal coordinates are needed since out-of-plane 

bending requires three or more bonds coincident at an atom. 

Bond stretching r, bond angle 9, and bond torsion T are 

sufficient. Designating the number of skeletal atoms In the 

unit cell as a, there are 

f = 3a - k 

degrees of freedom with non-vanishing frequency. However, 

there are a each of bond stretches, bond angles, and bond 

torsions, making 3a total internal coordinates. The four 
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redundancy conditions are listed below: 

(i.) The length of the unit cell must remain un- 

changed for any displaced configuration. 

(2,3.) Two conditions arise preserving the linear- 

ity of the chain. These constrain the unit cell. from bend- 

Ing itself in either of the two mutual perpendicular direc- 

tions (x and y) away from the extended axis ( z ) of the 

molecules. Another way of stating this is to say that the 

sum of the x (or y) displacements vanishes. 

(k.) The final condition is dictated by the fact that 

for each unit cell there must be no resulting twist around 

the helix axis. 

The first three of these conditions can be said to 

arise because each atom of a unit cell for our purposes 

is fixed to the corresponding atom in an adjacent unit cell. 

Since the second atom has three degrees of freedom there 

must be three corresponding conditions. Special cases will 

be considered below. 

1. Linear polymer. Here 

f = - 3 
, 

I 
There are only r, 9, and Q coordinates where O and Q are 

mutually perpendicular bends . There are a each of these 

but the redundancies 1, 2, fld 3 enumerated above reduce 

the number to the correct value. There is no coordinate 

expressing twist and hence no fourth condition. The form 
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of these conditions expressed in symmetry coordinates for 
the lowest symmetry C\ is as follows 

(1.) 1 S = O 

(2,3.) I s =Is o 
i i i i 

2. Planar polymer. As in the general case 

f = 3a - 

which can be broken down into in-plane and out-of-plane 
modes: 

= 2a - 2 

f0 = a - 2 

A description of the in-plane modes can be made using co- 

ordinate r and 9. The total number 2a of them is then re- 
duced by redundancy conditions i and 2. For the lowest 

symmetry Cc, these of the form 

i. I a.,S + I b1S = O 

2. S01 = O 

Out-of-plane conditions 3 and k fall into species A" and 

involve only I . They are 

3. I c1S = O 

1 >1 d1S 

A" there being always at least two S1 
i 
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3. Helical molecules. Of the non-planar molecule, 

discussion will be confined to helical or spiral molecules. 

Such chains fall into either point group or C depending 

upon the existence of twofold symmetry axis perpendicular 

to the n-fold axis. D is the group which is of interest 

here. 

The redundancy oonditions may be needed in an 

explicit form to be applied during calculation of normal 

modes 1f internal coordinate force constants are used. 

Although the potential and kinetic energies vili be ex- 

pressed In terms of the familiar types of internal co- 

ordinates, the first and fourth redundancies are conven- 

lently expressed In terms of a system of cylindrical co- 

ordinates which vili be described. Then it is easy to 

perform a translation from these to ordinary internal 

coordinates. 

The cylindrical coordinates are described by 

Shimanouchi and Mizushima (18, pp.707-709) and are defined 

with reference to the axis of the helix. They are 
e . 

the distance of the 
1th 

atom from the axis of the helix, 

and 
91j and d1 

,respectively the angles of rotation about 

the axis, and the translation along the &xis on passing froai 

the atom to t1e atom. The above authors give the 

relations between equilibrium values of the coordinates 

for the case wher. all atoms are alike. These can be 
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simplified to 

2' 
00590 = cosT0sin20_ 

2 

d = r SiflSjfl_o/Sio 
o o 2 2 

O/2sin2 9 
= r cos - 

o 2 

where the equilibrium velue of a coordinate is denoted by 

subzero. Differentiation yields the relations between 
the displacement coordinates: 

9 I (sincos2T/2 í -sinTsin/2 T) s i nO0 
1 1 2 
d0 r0 

cot'0/2 g( + cos '0/2cot'/2 T)/(i- 

sin'j' /2cos2r /2) 
o o 

i - = -r -tan/2 9Ç -cot90/2 o 
e0 

where the displacement of this coordinate from equilibrium 
' 

o is simply I . Conservation of length and twist yield 
for the conditions i and k: 

i ,;-. A 
,1_. __ _&j 

i 
2. ro1 = o 

i 

and hence 
2 T 

i z: ri + (cos 
f Ø' 

+ 005 °cot . 
r0 j 

(1-sin2 '2 T0 
.. 
1=0 
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2, tan fi = O 
i 

The sum of the coordinates form symmetry coordinates of 

species A1 which is as they should, since these two condi- 

tions belong to that species. 

Applying these formulas to spiral polyoxymethylene 

results in some simplification. Ail equilibrium bond 

angle coordinates will be assumed tetrahedral and all bond 

distances equal. There viii. be 2n bond stretches and n 

each of two bond angie coordinates. Then 

5A1 
= r 1 r i L 4iui 

1 
e o 

i. 
J 

Substituting and simplifying gives 

, l + = 2tan'.Lo 

2 
3A1 

+ cot .. (S1 + S1) 7 r01' 

(2 - cos(Q) = O 

The other two conditions, which may be worded as 

the vanishing of the sum of displacements of ali atoms in 

a unit cell in either of the two directions, forming with 

the helix axis an orthogonal system, are derived in terms 

of angle bends and torsional coordinates. pond stretches 
do not enter In because the vector sum of displacements 



for any one of these coordinates is zero. These two 

relations are a degenerate pair. 

Calculation of Normal Modes. 

Introduction. In general, the potential and 

kinetic energy of vibration can be written as 

and 

2V s fjSS' 

-1 
2T = (g )t 5t5t' 

t t' 

36 

where St and s are internal coordinates. A secular equa- 

tion follows of the form 

- = o 

where and f are square matrices of rank 3n - 6 for 

isolated molecules, 3n - 5 for linear molecules, and 

3n - k for infinite chain molecules, Eis the unit matrix 

and A 

This equation can be factored as the symmetry of 

the molecule permits. If linear combinations of internal 

coordinates are formed such that the new coordinate be- 

haves under all symmetry operations thus 
R 

st 

it is called a symmetry coordinate. Since the potential 

and kinetic energies are invariant under a symmetry opera- 

tion then Ftt' and (G')t/ must vanish when 

stst, 
R 

stst, 
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In this ìn8nner normal modes in a srmmetry species can be 

factored from ail other species. 

The g matrix elements can be most readily obtained 

from the formula 

= 

where p is the reciprocal mass of atom o , and 

is displacement of atom one unit in its most effective 

direction for increasing internal coordinate t. A tabula- 

tion of g elements for acyclic molecules has been published 

(3, pp.1025-1032). 

Symmetry coordinates, constructed from linear 

combinations of internal coordinates, can be obtained from 

the operator formula 

(-)) 
s = ThR 'Rs1 

R 

'l Is a norma1izin factor, X is the character in species 

- for operation R, and Re1 is the coordinate which s is 

brought into by operation R. If the species is a degenerate 

one, the procedure may or may not have to be modified 

slightly depending on whether one, or more than one internal 

coordinates contribute to the species. Details for this 

procedure can be found elsewhere (26, pp.119-121). This 

same reference gives the methods of changing the potential 

and kinetic energies from internal coordinates to symmetry 

coordinates. 



There are several reasons why a calculation of 

normal modes is of Interest. First, lt will. permit iden- 

tifying fundtnenta1 modes, both as to where they might be 

expected to fall and to what symmetry species they belong. 

This is probably the most important reason for carrying 

out the calculations. Secondly, it may he possible to 

choose, on the basis of the position of the fundamentals, 

a structure which is most. likely. However, the approxima- 

tionB which must be brought in probably condemn too much 

speculation in this dIrection. Thirdly, it is useful 

to note what the effect on the position of the fundamentals 

is by changing the geometry of the chain, keeping bond 

distances and bond angles constant. The calculation would 

involve using the same internal force constants for bond 

stretch and angle bend. Thus the variable Is the Internal 

rotation angle. 

Since hydrogen modes can he readIly identified 

by analogy with polyethylene, calculations will be confined 

to skeletal modes. 

ApproxImations in Calculating Skeletal Modes. Since 

the pwpose in calculating normal mode frequencies Is to 

assign frequencies correctly rather than to calculate 
accurate force constants, a useful approximation can be 

made. The task Involved In giving a complete treatment 

Including hydrogen motion would he very laborious, and 
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perhaps over ambitious, since the assignment of hydrogen 

modes can be carried over nicely from the polyethylene 

problem. The force constants which are really needed, 

the ones coupling hydrogen motion with skeletal motion, 

are not available in any case. 

In expressing the equations of motions of the 

skeleton it is convenient to condense the CH2 group Into 

a single mass at the carbon position. Thus the atomic 

veight of the carbon is now l and the hydrogens have been 

eliminated. This treatment can itself be considered to be 

equivalent to two approximations. 

One part of the approximation is the factoring off 

of the hydrogen modes from the skeletal ones. It is true 

that where the hydrogen stretches ere concerned the error 

introduced is slight, since these motions are about 

2000 cm higher than those of the chain, and can be con- 

sidered as relatively uncoupled. More serious is the fact 

that this great a frequency difference does not exist 

between other hydrogen modes and chain modes so one cannot 

expect negligible coupling. 

Whereas the first part of the approximation sets 

the force constants for hydrogen stretch and bend equal to 

infinity, the second part reduces the C-H bond distance to 

zero. Thus if we have correctly adjusted the G elements for 

the rigid approximation, methods for this given by Wilson, 



DeciuB, and Cross (26, pp.7k-76) , another error arises 

because our new configuration Is not the actual one. 

To show that the error Is not large, a method similar to 

that used In derIving the product rule is used. Express- 

Ing kinetic and potential energies In terms of external 
symmetry coordinates 

2V= ZIF SS 

2T = 

Equating the product of the characteristic values of the 

secular equation to the determinant of its coefficients 
g Ive s 

3n-k 

ti )1=L 
1=1 

iO 

Since the force constants and atom masses are the same for 

either model then 

for species containing no rotations. The primes refer to 

the simplified structure. For the species containing trane- 

latioris the expression holds since 

L4JT = 

M 

(i;?? = i 
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where M Is the unit cell mass. For species containing 
rotations, species B1 for D2 and A2 for n > 2, the 

product ratio is 

/ 

CQI 
I TI - w 

so that the primed frequencies viii in general be greater 
than the unprimed since 

'z > z' 

For D2 taking CH 1.08 A and r0 1.k5 A and 

109° 28, T= 60°, 9 = 90°, 

'z 
( ;') = 1.01 

¿z 

The second part of the approximation is thus found not to 

affect frequencies In species not containing rotations and 

for these species to cause an error of only a few percent. 

Among the skeletal vibrations themselves there are 

certain modes whose frequencies f1l considerably lower 

than the rest. Motions involving mostly twisting about 

bonds, i.e., torsional modes, are in this class. The 

potential barrier preventing free rotation about bonds 
certainly exists as is evidenced by the crystalline nature 

of the polymer, but is usually low enough, however, to be 

overcome when the polymer is dissolved or melted. Although 

such torsional modes can be completely factored from the 
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other modes for the planar models, such is not the cese 

for spiral chains. Since there is no good way of esti- 

mating what the force constants for twisting are, and 

further, since such modes fall outside of the region of the 

spectrum studied in this research ( K 300 cmi), it is 

proper to factor them from the secular equation. Since 

this amounts to setting the force constant for torsion 

equal to zero, the operation is accomplished by striking 

out of the G end F matrices the symmetry coordinate for 

this motion. 

Calculation of Normal Modes for Planar Structures. 

1. The Zigzag Structure. As seen in Table 2 and 

as illustrated in Figure 3, this structure hes only two 

skeletal modes, one in species A1 and the other in E1. 

The F matrix has the form 

r1 r2 Q 

r f f f 
i r r re r 

r2 
r ÍrQ 1rØ' 

e 

where the Internal coor(inates are those defined in Figure 1. 

To construct the symmetry coordinates we need the 

character table for C2 symmetry. 



E C2 () ç() 
A1 i i i i 

A2 1 I -1 -i 

E1 1 -1 1 -.1. 

B2 i -1 -1 1 

The convention on the cartesian axes is shown in Figure 1. 

Using the operator formula, we find the following snnmetry 
coordinates: 

A1 
s = ,(r1 + r2) 

A1 
S9 9 

A1 

B1 i 
Sr = -(r1 - r2) 

For the smaetry factored force constants ve have, 
A1: Fr rr' 

Fr9 2frQ 

Fr' 2r 
F9 =f8 
Fç f 

B1 Fr = r - 
In constructing the G matrix a slight complication 



arises. It 5s that 
tt' 

is sometimes the sum of two terms: 

the firot, the interaction between t and t' within n unit 

celi and the second, the interaction between t and t' 

n different un±t cells. The following elements are 

found. 

A1 Sr 

Sr 
2e 

2cos 

Se 

S, 

3r 
2sin2i0+i0) 

'i s i nQ 
- 

R 

s 

'I2sin9 
- R 

ksin2..(10-i-310 )/fi2 ksin2..(p0+i )/n2 

ksin(+ )/R2 

The A1 factor must be of rank one so that there 

re two redundncy conditions. These are 

sin 
. Sr + COS ..(Se + sp') 

and 

where R and Q are equilibrium vaLues of the C-O bond 

end O-C-o (or c-o-c) bond angle. 

The potential energy for the A1 species is given 

b the expression 



2V = FSr + F9S + F'S' + 2Fr9SrS@ + 2FrSrS + 

2F6 S 9S 

Introducing the redundancy conditions and simplifying gives 

2V LFr + .2tan2 !(F + F + 2F9) 
It8! (Frs + 

Keeping only diagonal terms, the secular equations reduce to 

= 2cos () {Fr + .2t:2 .(F + 

'2 = 2am2 6(i)F 

rhere À- kr2V2 

The following force constants were found by 

Seksena and Razida (15, p.277) to give acceptable fre- 

quencies for the ring modes in trioxane and will be used 
consistently for all models considered here. 

r stretch lt.3 X 1O dynes/cm 

fe O-C-O bend 2.0 X 
lO dynes-cm 

fq' C_O_C bend 0.6 X io_11 dynes-cm 

Taking the C-O distance to be l.k5 A and 9 = 109°28' , and 

noting that the carbon mass is taken as 14 instead of 12 

ve find 

= llkl cm1 
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2 
886 cm 

2. The Planar "Wannen" Structure. The in-plane 

modes are all contained in two separate symmetry species 

of C2, A1 and B1, each having rank three. The internal 

coordinates are shown in Figure 1. Bond stretches fall 

into two sets, r and t, thus makins the factor four by 

four. However, each is reduced to its proper dimension 

by a redundancy condition. Normal modes are illustrated 

in Figure 3. 

In Table 3 are tabulated symmetry coordinates and 

G and F matrices. Although the redundancy conditions 

result in merely leaving out of the G matrix the row and 

column of the dependent symmetry coordinate, sometimes the 

effect on the F matrix Is to change the elements into 

linear combinations, and, as seen for the P1 factor, cause 

off diagonal terms. The G matrix elements vere calculated 

using R l.k5 A and Q = = l09°28' . Results of the 
o o o 

calculations are listed in Table 6. 

Calculation of Normal Modes for Spiral Structures. 

The similarity between the tvo spiral models, D2 and D9, 

will permit using the same convention i designating the 

internal coordinates and the same table of g matrix element; 

leaving the internal rotation angle as a parameter. 

The helix vili be taken as righthanded and formal- 

dehyde units in the unit cell will be numbered successively 
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A1 

r 

t 

E1 

r 

t 

t 

i-ic +310 )iC OS 9+u0c os 

11C +1_10 

r t 

c'o 
JicFJio 

_(jis1n9+u0s1n')/R 

2[ii0(1-cos9)-i-p0(1+cos')}/R2 O 

2[(1+CS9)+r, 
u0(1_cos)1/Rr 

e 

(us1ne_p0s1n')/R 

_(us1nO+fl0sn')/R 

2(Ji(1_cose)-310(1_cos)L/n2 2[p(l-cos9)2 
ii0(1-cos)j/R 

2 {i (i-cos9 )+ 

TABLE 3 

GF ELEMENTS FOR PLANAR "WANNEN" STRUCTURE 



(TABLE 3 Continued) 

Symmetry Coordinates: 

A1 Sr (r1+r2)/ B1: Sr (r1-r2)/ 

s. (t1t2)/ s - (t1-t2)/'J 

s = (91+92)/ s9 = 

1+2)'2 se= i.i2)/ 

A1 r t 9 

r Frr+A2F ABF ACF' 

t Frr+B2Fø BCF 

Q F99+C P 

B1 r t o 

I Frr O O 

t 
rr 

Q 

Redundancy Conditionz: 

k9 

= (cot9/2+tan'/2),'R 

B = -(cot9/2--tan'/2)/R 

C = cot9/2tarì'/2 

A1: (5rt»ta9/2)t8n1(,'2)(5rt) 

+Rtan&/2)S+Rtan(Q/2)3' O 

B1: 39-Se = O 
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in the advancing direction. Atoms will be designated by 

i,a or i,b for carbon or oxygen respectively in the 1th 

formaldehyde unit. Then the usual internal coordinates 

will be designated as follows: where . is carbon and 

o is oxygen. 

i,a i,h 
Stretch r p 

i,b i-1,a 
o- - 

i-1, P 

Torsion 
I' 

i-1,b 
i-1,b 

-b 

i,a 
i,a 

rend ei 

i-1,b i,b 

In general there 

for symmetry D. 

The kind 

coordinates, and 

In fact, only 17 

(3, pp.1027-1028 

vili 

of g 

the n 

of t 

ar e 

.- i,L . 
i,a i-1,a 

be n each of the above coordinates 

elements is limited to the above 

only certain combinations of these. 

.ie possible 33 kinds listed by Decius 

needed. 

The D2 Spirai. The two formaldehyde units per unit 



cell necessitate 12 Internal coordinates: 

k torsion, arid 2 each of the two kinds of 

removing the tors1ori modes and redundanci 

are all of rank two except 1' which Is of 

essential calculations are all summarized 

The D9 Spiral. Sauter's model of 

51 

k bond stretches, 

bends. After 

s, the factors 

rank one, The 

in Table k. 

polyoxymethylene 

with its nine formaldehydes per unit cell presents an ex- 

tension of the D2 calculation. Owing to the large size of 

the E2 factor, only the A1, A2, and E1 determinants vere 

solved. 

The calculations are straIghtforwrd for the A1 

and A2 species, but a slight complication is to be met in 

E1. In the reduction of the representation formed by the 

set of bond stretches, species E, appears twice as vas 

rioted while discussing the regular representation. It is 

then necessary to construct two new coordinates In whose 

representation this species appears only once. These new 

coordinates are linear combinations of the old set. 

Obvious combinatIons are sometimes correct, hut special 

attention must be paid to the problem of orientation. lt 

would seem likely that the two coordinates needed here 

b a 
might be r r, . However, this choice is Incorrect. 

There are formel methods of treating the problem which are 

discussed in detail elsewhere (26, pp.135-lkO), but its 

essence can be simply stated. The two coordinates must be 
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t. 

TABLE 

GP ELEMENTS FOR TI D2 SPIRAL 

R(2C0) 

tî+,.i0) 

2 2(CO) 

B1 r 
-C 

r .a 

B2 r 
-t- 

e 

r (i.i+2i0) _(2ìi+i0) - 

-C- 

2(U1c+5310) R253 

2(k1c+530) 

E3 r 
-t- é 

r ..(2i+io) R20) - 

-t- 

2(5J1c+1io) 2(5CPO) 

q 2(5ii0+ki0) 

9f 

- 

- 

2 ( 
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TABLE k (Continued) 

A r R-. r r 

r r2'í r Fr O 

8 F9+F Î 

Symmetry Coordinates: 

A Sr = (r1 
b 

+ r1 
a 

+ r2 + r21 

s1= La (Li+1+12+12) ,b a b 

s = O Ñ (i + 82) 

S = + '2) 

5r = 
a 

(r1 
b - r1 a 

+ '2 
b - r2) 

L1 Li + 2 
,-..b' 

2 

2 Sr = (r -r - r + r) 

S1 a 
'i 

_,b 
L 

,-a 
2 

,-b 

= - 

13% 
r (r+r_r2_r) 

(a Li Li a L2 b 
¼2) S :&i 

J2 
- 

s Redundancy Conditions. 

A: S9+S =3- 
L 

132: S-c + S8 = O 

133: S + S O 

133 r Î 

r Fr C 

L 
k 
-d 

r +S1 + + = o 

53 
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chonen so thet tber exhibit the sass anmetry preipsrtios, 
or in other words, have the sarte "orientation." It is 
essily seen that oordite r + are at right a1.es 
to one another correct coordinates can be constructed 
usi ng these u i ntrnied t ¿te c cord i nates Thus clef i ne 

4 s(r + r), 4 s(P + r), ''ìc a(r + r) 
ib e , i b a 

Yi r1), ? a(r' r), e "'8 '9) 

Then tve proper coordinates to insert into the operator 
forrnti1a !C end - ¡( a S'tnmetry coordinates which are 
evolved ere 

_Jt [4 2co3140° (ice + ) + 2ossßO0( + ) 

2ooei2O° (E + K) + 2ci6Olni + 

s;; ["4 i) + 2ooeO(T + J 1 - 
P 2Ji8ein8O0 ' 

)+2oos8O(+1(-j +ìcos12O 

(4 +4 - 4 c)+ 2cos16O(1 + - t - 

r[2eos7:°(I -K) + 2c0s5Cu(4 y 

2co3O(K x) + 2eesiO(X 

£or L *;uid4 to the tzn ee iiure 5. This oon1dere- 
tien applies ea veil f' the two bending coordinates and 



A i 
KA 

g 

E1 

K 
A 

KB 

g 

K T 9 
A 

-.(ii-)1cosî) icost_p0) - 3R 

;u +310 
ksiny 

2 
(cos2 6cos-c-i) 31-pcost-) 

- 3R2 
(31ccost-o) 

12R 3R 

KA 

i+p0(1-!eosi6O°) 

K 

!p0c08 700 
3 

0(10s160°) 

2 8cost 
Pc+31oc05 

- 3R 
(iì+iio) 

8 2 
2(31cc0s o) 

(1c_Po5031600) 

-310005tC 05700 

;; [k+, L3_eos16O0(ks1n2_1)}J 

TABLE 5 

GF ELEMEWPS FOR THE Dq SPIRAL 
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TABLE 5 (Continued) 

E1(cont.) 

2 
KA _3Rcos8O008t0X1+0s160) 

4003T 
KB 

3R2COS8O000)( 

8cosT 
e 

- 3R2 

3-eosl6O°(ksin2î-1)) zt,ij 

A1 r e 

r O.1O92P + 
'r 

O.33OkF 

F0 +F0 

E1 F matrix is diagonal: Fr Fr F0, and F 
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TABLE 6 

ABSORPTION MAXIMA, CALCULATED SKELETAL FREQUENCIES, 

AND SKELETAL ASSIGNMENTS FOR POLYOXYMETHYLENE (In em1) 

Absorption MAxima: 3037 
2973 
1993 
1k69 
ik3k 
12 kk 

V 
V 
vw) 

(w) 
(ms) 

Calculated Skeletal Frequencies: 

1099(s) 
939-). 
903j(vs) 

633(w) 
k56(vv) 

Zigzag A1: ilkl; B1: 886. 

'Wannen" A1: 1196, 938, end k78; B2: 1135, 

1026, and 600. 

D2 Spiral A: 863 and 622 B1: 1]M1; B2: 1138 

and 551; B3: lOkl and 356. 

D9 Spiral A1: 8k7 and 729; A2: lll; E1: 1160, 

1037, 1t29, and 267. 

Assignments of skeletal modes: 

D2 D9 

l2kk B1 A2 

1099 B2 E1 

939 B3 E1 

633 B2 E1 

li.56 B E 
3 1 
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Fortunately is properl oriented so its symmetry 

coordinate is 

1 
+ 2coskO°(93 + + 2cos8O°(95 + + 

2cosl2O°(9 + + 2cosl6O°(92 + 99)] 

For the other bending coordinate, is the proper choice, 

resulting in 

S 2COS1O0(3 + + 2cos8O0(1 + 9) + 
' 18 

200s1200&2 + + 2cos16O°(k + 

It is not necessary to know the exlicit form of 

the redundancy condition for this (E1) species. The rela- 

tion is not needed, since the F matrix remin.s diagonaL 

The details of the calculation are listed in Table 5. 

Summary of Normal Mode Calculations. The fre- 

quencies of calculated modes for the different structures 

are listed in Table 6 and shown in Figure 5. In brief, 
the infrared active modes for C-O stretch are (cm1): 

zigzag lilti and 886; "Wannen" 1196, 1135, 1026, arid 938; 

D2 spiral 11k1, 1138, and lOkl; D9 spirai 1160, 11)11, and 

1037. For O-C-O and C-O-C bending respectively they are: 

"Wannen" 600 and k78; D2 spiral 551 and 356; D9 spiral k29 

and 267. 

EXPERIMENTAL METHODS. The spectra were obtained 



61 

using a Perkin-Elmer model 12-c spectrometer modified for 

double pass according to the Walsh system (23, pp.96-98). 

The infrared region explored extended from k000 to 300 om, 
and vas made available by prisms of LIF, NaC1, KBr, and 

CsLr. 

Smp1es o1 the linear po1yoxmethy1ene vere pre- 

pared using Nujol or perfluorocarbon mulls sandwiched 

between windows of material transparent in the region 

studied. Good mulls, transmitting visible white light, 

appear slightly yellow, Indicating small particle size. 

Most of the po1ymer are in the form of fine crystals 

which lend themselves nicely to the mull techniques. 

Some of the low molecular weight dimethyl ethers vere soft 

waxes so that no mulling agent was necessary. It is 

sufficient merely to squeeze some of the rio1mer between 

two salt windows to obtain a clear layer. 

Raman data on this compound would he very valuable. 

The long polymers can be forced into solution only with 
dissociation into formaldehyde. Obtaining a melt Is not 

feasible for the same reason. An unsuccessful attempt to 

obtain a Raman spectrum of the powder was made. Because 

of the finely divided state of the polymer the usual 

scattering problem lecomes overwhelming. 

Trioxane (obtained from Celanese Corporation) is 

particularly suitable for sublimed film methods. A 
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sublimation cell vas used to condense a transparent rum 

of the solid onto a silver chloride window cooled with 

liquid nitrogen. The vapor pressure of this substance is 

great enough at rooi temperature that the sample needs to 

be exposed to the window only for a second or two. The 

room temperature spectra vere rua with samples obtained by 

melting trioxane (m.p. 6k°c) between two windows and 

allowing to cool. Although appearing to the eye quite 

clear, the film obtained scattered infrared light moder- 

ately. The vapor spectrum in the Li? region was obtained 

usine a gas cell of 6.75 cm length. In order to increase 

the vapor pressure, the temperature vas raised to 37°C. 

As far as could be determined the positions of the maxima 

are not affected by raising the temperature from 25° to 37°. 

INTERPRETATION OF THE SPECTRUM OF LINEAR POLY- 

OX'YMETHThENE. 

Deccription of P1!tE! The spectra of -, 

-, and eupolyoxymethylene agree in all essential features, 

and thus it is strongly suggested that the structure of 

these polymers is the same. The spectra of ci -polyoxy- 

methylene and paraformaldehyde are shown in Figure 6. 

Differences in the spectra can be explained in terms of 

the end groups and chain length. The v polymer, not shown, 

has some weak absorptions in the hydrogen stretching region 

just below the two strong ones, which are probably -CH3 
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modes. Paraformaldehyde shows OH ebsorptlonz as my be 
expected. Its skeletal region tends to resemble that of 

the shorter polymers for n 50-70 shown in Figure 7. In 

ccinparing the infrared 3peotrurn of po1yoxmethy1ene 'with 

that of polyethylene, lt is to be noted that the latter 

shows only hydrogen modes, the skeletal modes being f or- 
hidden. Thus the spectrum of polyoxymethylene can be 

expected to be similar to polyethylene 'with skeletal modes 

superimposed. Arid indeed, such is tie case. Hydrogen 

stretches are found in the 3100-2900 om1 region and the 
bends at 1500-lkOO crn, the other hydrogen modes being 

too weak to observe. 

A notable feìture of the spectrum is the strength of 

the absorptions in the 1250-850 cm region 'which Is one 

primarily of C-O stretch. In fact, absorption intensities 

In this region so far exceeds any other, that this portion 

vas run with sample thicknesses very much less than the 

LIF or CeEr regions. Thus the spectra In Figure 7 do not 

give a true pictie of comparative intensities. At thick- 

nesses used for the skeletal stretches, the hydrogen 

stretches are barely strong enough to be seen. 
Just as the hydrogen stretches have greater 

strength than hydrogen bends, the O-C-O and C-0-C bonds, 

found in the region 700-kOO cm are less intense than the 

C-0 stretches. 
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The infrared spectr8 in the $keletal region for a 

series of po].yoxymethylene dimethy]. ethers of varying 

molecular weight have been obtained. These are given in 
Figure 7 with an indication of the degree ol' polymerize- 
tiort. All of the spectra show three peaks which seem to 
be practically Independent of the polymer length. These 

are at 12)2, 1096, sind 938 cm . Proceeding from the 

longest polymer, the two lover b3orptionz develop corn- 

panion8 on the high frequency side, vhich, as the polymer 

shortens, eventually blend into broad band. The high 
frequency absorption, though broadened, IQ not split for 
the carne sequence. Analy&is oí these effects will not be 

attempted. On the baal$ of the orn-Karman toundary condi- 
tion Tobin (21, p.895) hes suggested that the factor 'oup 

frequencies would not bc affected by chain length, but 
thzat non-factor group frequencies would. Whether the 
magnitude of the shift actually obcerved is of the correct 
order remeins to be seen. 

Further deteils and their interpretation will be 

discussed in the next section. 
ydrogen Modes. As has been noted previously, the 

spectrum can be divided conveniently into hydrogen and 

skeletal motions. Those peaks due to the former will now 

bo identified and discussed. 

The hydrogen stretching region Is easily Identified 
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by the t'vo strong absorptions at 3037 arid 2973 cm1 

These occur a little higher then their analogues in poly- 

ethylene, which is surprising sinoe the carbon, rianked by 

oxygens, should be more positive. Perhaps the answer lies 

in interaction forces between the hydrogens and the oxygens. 

The higher hsorption which Is the broader of the 
two for c-polyoxymethylene, develops a distinct shoulder 
in going to the shorter chains In paraformaldehyde. If 
coupling between the antisymmetrie and symmetric modes is 
weak, which is usually the case, the antisymmetric mode 'vili 
be the higher as dictated by the kinetic energy term. It 
then appears that the antisymmetric modes are degenerate or 

more than one in number and that there is only one symmetric 

mode. Referring to the selection rules for hydrogen 

stretching, it is found that the D9 symmetry or possibly 
the D2 symmetry would predict this, but neither of the 
planar forms would. The zigzag form gives one of each and 

the planar "Wannen" gives the doublet In the symmetrical 
mode. 

The remainder of the hydrogen modes can be passed 
over quickly. The bends were very weak and occur In a 

water bend region, adding uncertainty. To within about 
10 cm they are at 1k69 end lk3k cm . The wag, twist, 
and rock were not identified. 

Skeletal Modes. These can be divided roughly into 



stretch, bend, and torsion, the latter having a low £re- 

quency out ol the region covered here. 

In the stretch region 1300 to 900 cm1 there occur 

three absorptions which are successively broader and more 

intense in proceeding to longer wave lengtb. Again the 

zigzag form is immediately ruled out because too many 

absorptions turn up. The selection rules for the planar 

"Wannen" form predict four peaks which could be fulfilled if 
the broadest absorption was really composed of two funda- 

mentais. This proves unlikely, since in the series of poly- 
mers with varying chain length one of the two maxima of the 

doublet varied in intensity or position depending on chain 
length wh: le its companion, like the other two strong 
absorptions, remained fixed. Thus it appears there are 

actually only three Lundamentals, again in agreement with 
a spiral model. The absorption at l2k2 cm Is remarkably 

narrow in comparison with the other two and is presumed to 
be nondegenerate. 

Two skeletal bending modes, presumably O-C-O and 

c-o-c are found in the region 700 to 300 cm. This is the 

correct number Lor every model except the zigzag. 

In summary, the infrared data provide on the basis 
of selection rules overwhelming reason to doubt a zigzag 

form of linear polyoxymethylene. Further there is consider- 
able evidence for rejecting the planar annen" form. 
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However, there is little reason for choosing between 

either of the spiral models. 

Assignments of Skeletal Modes Based on Normal Mode 

Calculation. Figure 5 shows in summary normal modes cal- 
culated for the four symmetries plus the position of 

absorptions actually found. 

The zigzag can be dismissed quickly on the basis of 

selection rules as discussed above. 

Agreement between calculated frequencies for the 
planar "Wannen" structure observed looks surprisingly 
good, but the correlation is probably illusory on the basis 
of what has been said about the selection of force con- 
stants. The assignments for the two skeletal bending modes 

could readily be made, but for stretches the correspon- 
dence is not clear and the problem of what to do with the 
one extra calculated frequency arises. 

It shoùld be noted that results should he inter- 
preted only in view of making correct assignments for the 
likely structures. The force constants which were used 
(15, p.277) were those meant for trioxane and it would be 
very remarkable if they were unaltered in going to a 

linear polymer. Thus one can expect the relative positions 
of modes within a given symmetry species to he given approx- 
imately, but the calculated frequencies may be found con- 
siderable distances away from their true values. 
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The D2 and D9 structures, which are very similar 

give, as would be expected, similar calculated frequencies. 

There is a marked tendency for the calculated frequencies 

of the bending modes to have lover frequencies for the 

spiral structures. Indeed, those values calculated for 

the D9 model 129 and 267 cm- are unreasonably low when 

compared to the experimentally determined peaks. The 

reason for this becomes apparent when the implication of 

setting the torsl.onal force constant equal to zero is 

considered. For the 'Wannen" structure the torsional 

modes are factored by snnmetry from the In-plane modes and 

thus the latter are unaffected 'by any assumptions about F1 

As is seen the agreement between the calculated and found 

positions is good. However, for the D2 model there are 

for each of the infrared active species, B2 and B3, a 

stretching, bending, and torsional coordinate. The re- 

dundancy condition between the bending and torsional 

coordinates reduces the order of the factor to two, but 

changes the form of the F matrix. The potential energy is 

nov given by 2b 2 
2V = FrSr + ( + FT)S-î 

for B2 and for B3 F is replaced by F . Thus the fre- 

quencies of the bending modes also depend on the value of 

F which must be assumed to have a small but non-vanishing 
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value. As an approximation, necessitated by lack of 

information about its magnitude, F vas taken equal to 

zero and henc the bending modes vere given lover fre- 

quencies than a more accurate treatment would yield. 

The same argument holds for the E1 factor of the D 

structure. 

Assignments for these structures will begin by 

assuming the sharp absorption at 1214.11. cm to be the non- 

degenerate mode A2 for D9, corresponding to the A1 mode 

for D2. The remainder of the assignments is apparent 

from Figure 5. For D9, unfortunately, A2 stretch is 

found between the E1 stretches. Undoubtedly a slight 

adjustment of force constants would bring it in front of 

the E1 modes as it should be. Assignments are summarized 

in Table 6. 

VIBRATIONAL SPECTRUM OF TRIOX.ANE. 

Previous Investigationa. The structure of this 

cyclic trimer has been investigated by Ramsay (1k, pp.289- 

295) with infrared techniques, and by Moerman using x-raya. 

The two authors are in agreement that the chair (see 

Figure 2) form C3 is correct (12, pp.161-166). 

Ramsay obtained the infrared spectrum of trioxane 

vapor and made assignments of ring frequencies on the basis 

of the chair form. These were slightly modified by Saksena 

and Raizada (15, p.277). The spectrum of the vapor without 
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interpretation is in the file of the American Petroleum 

Inztitute (i, Ser.No.830). Also the Raman spectrum o1 

the solid has been obtained (19). 

General Features of the Solid Infrared Spectrum. 

The infrared spectrum of the solid has been obtained at 

both liquid nitrogen and room temperatures as is shown in 

Figure 8 and absorption maxima are tabulated in Table 7. 

This table is a composite of data from several sources. 

Data for the vapor at 37°C is the author's from 3050 to 

2700 cm; the rest at 25°C Is from Ramsay (Vt, p.291) as 

is the solution data. The columns for the solid at l8O° 

and 25°C are the author's. Raman frequencies for trioxane 

in solution are those obtained by Kahovec and Kohirausch 

(9, pp.J4O-l). 

In comparIng the spectrum of the substance In the 

vapor phase to that of the solid several changes are 

noticed which are common to all such transitions. The 

band envelopes, of course, disappear in going to the solid. 

The selection rules of the solid are based on the site 

symmetry of the crystal instead, as for the case of the 

gas, of the point group of the free molecule. In this case 

the site siinmetry is C3 (6, p.15) as found from space 

group (12, p.163). Consequently splitting of the de- 

generate modes from this origin is not to be expected, 

but there will be a relaxation of selection rules, since 
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TABLE 7 

INFRARED ATW RAMAN FREQUENCIES OF TRIOXANE 
-1 

(cm 

Vapor Solution Solid Solid Reman 
(CClk) (_1800) (25°) (solution) 

R3036 
Q3029 3000(3) 3039 3030 3027(3) 
P3018 3029(s) 

2981 2998 2991 

2957(s) 
29kk 2925(1) 2956 2951 

R2866 
Q2851. 28k0(7) 2892 2872 
P2837 

2855 

R280k 
2780(k) 281k 2810 

P2776 

2782 277k 

27k6 276k 2756 

2703 

2228 

2107 

2065 

2022(0) 2008(0) 1981 

189k(1) 187k(l) 18ko 

1k90(2) 1k88 1k85? 1k83 

1k77(2) 11475(2s) 1k67? 

1k09(5) 1k08(5) 1k16 111.20 

2875(2) 

2850(s) 

1k75(2) 

7k 



TABLE 7 (Continued) 

Vapor Solution Solid Solid 

(cclk) 
(_1800) (250) 

1298(2) 1305(2) 1317 

1273 

12k7 12k2 

1232(k) 
1220(k) 

1226 
1232 
122k 

1233 

1175(10) 116k(lo) 1171(s) 1183 

1155 iik6 

1077(9) 1065(9) 1069 

1066(8s) 1051(8) 1051 

R990 5) 
Q977 7) 972(9) 955 
P960 9) 

R960 9 
Q9k3 8 937 917 
P93k 7 

s denotes unresolved shoulder 

10Th 

lOklt(s) 

1008 

972 

930 

7k1 
7k8 

616 

528 

k87? 
k81? 

R am an 
(solution) 

1309(2) 

1237 

1106(2) 

10k7(2) 

1025(3) 

958(5) 

930?(fl 

7k7(1) 

6 05 ? ( i) 

520(3) 

219?(0) 

75 



76 

syïnmetry allows all Internal modes to be active. 

However, the ones not allowed for the isolated molecule 

should not be intense in the solid. Splitting of degener- 

ate modes can, however, sometimes arise from interaction 

of lattice modes with molecular modes (8, pp.1073-1076). 

The lattice modes, being of a much lower frequency, cari 

cause a. molecule to be displaced from its site during 

several cycles of a molecular vibration. Thus the effect 

is a lowering of the site simmetry. For the cese in 

question here, such splitting is predicted. For the solid, 

there are posib1e combinationß of molecular modes with 

lattice modes, though for the spectrum obtained at liquid 

nitrogen temperature anharmonicity is minimized. Further- 

more, combinations will occur only on the high frequency 

side of the internal mode, if molecules are in vibrational 

ground-state. 

Comparison of the spectrum of crystalline tri- 

oxane at 25° and at -180°C shows a striking example of 

the predicted effects caused by reduced anharmonicity in 

going to low temperatures. It is to be admitted that the 

room temperature sample probably caused more scattering, 
but still, some absorptions remained comparatively sharp, 

so that the differences in the spectra are primarily temper- 

ature and possibly, partly orientation effects. Comparing 

both the solid spectra with that of the vapor it is found 
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that the _1800 spectrum corresponds almost identically in 

the relative intensities of the principe]. absorptions 

whereas the 25° apectrun does not. 

Microscopic examinstion using crossed Nicol 

prisms shows the birefringent character of the crystals. 

As the film is turned between the prisms the crystals are 

illuminated with beautiful colors. Single crystals are 

identified by observing that extinction occurs uniformly 

over small areas, of the order of 0.3 mm vide. Since 

there were no crystals observed which did not show ex- 

tinction, they are probably somewhat oriented, with the 

optical axis lying nearly perpendicular to the propagation 

direction of the radiation. For the structure this 

would result in an increase in intensity for the A1 modes 

and a decrease for the E modes. 

Differences in orientation for the two samples 

may be logically explained in considering the sample f or- 

mation. In forming the sublimed film, condensation on the 

cooled window is very rapid, being n matter of a second, 

probably resulting in microcrystals randomly oriented. 

On the other hand the sandwich type of sample is obtained 

by letting the liquid trioxane crystallize slowly between 

the two windows and thus it would not be surprising if 

single crystals of considerable size are formed whose 

orientation is influenced by the window surfaces. 
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Hydrogen Modos. There re to be expected four 

active hydrogen stretching fundamentals, two degenerate 

and two non-degenerate. Although there are two hydrogen 

stretch coordinates associated with each carbon, they form 

two nonmixing sets so that the concepts of symmetrical and 

antisymmetrical stretch do not apply here. The two sets 

vili be designated by s nd t, the first referring to the 

CH bond stretches, which are approximately parallel to 

the symmetry axis, and the lstter for the remaining, which 

are inclined about 109° to this axis. One nondegenerate and 

one degenerate mode is contributed by each of the nonmixing 

sets. Previous work (5, p.806) based on band envelopes has 
indicEted that the two higher hsorptions at 3026 and 

2950 cm belonged to the degenerate modes for t nd s 

respectively and the lower ones at 285k and 279k cm were 

the nondegenerate for s and t respectively. 

Figure 8 shows spectra of the hydrogen stretching 

region obtained under several conditions. General Lea- 

tures of the spectra are the same, but regular shifts in 

the position of the absorptions are to be noted. The 

highest frequencies are those belonging to the vapor at 

37° . All peaks in the solid at 25° are shifted 9 cm or 
-1. 

less, except the strong absorption at 2872 cm which is 
shifted 20 cm, toward higher frequencies in going to 
l80° spectrum, and the shoulder at 2957 cm for the 25° 
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spectrum would he explained in a manner consistent with 

the previous interpretation (5, p.806). On the other 

hand, if the splitting is of the order of 37-32 cm 

the satellites on the low wave length side of the 2892 

and 281k cm' peaks could be the results of split degen- 

eracies, an interpretation at variance with the previous. 

Although it is not unreasonable that degfflez'ate modes can 

become split 30-kO em or even more, it seems here some- 

what large in view of the fact that the only degenerate 

ring frequency that is split is separated 8 crn. 

Another consideration supporting earlier assign- 

ments is found In the estimation of the relative C-H 

dipole interactions for each of the two sets o1 coordi- 

nates s and t. First, it is assumed that the symmetrical 

stretches for s and t ere uncoupled. Then in a manner 

elaborated elsewhere (k, pp.1291-1292) the force constant 

for this motion consists of an uncoupled part F corres- 

ponding to free hydrogen stretch and a coupling constant 

F'. Then for the symmetric mode A1 the force constant is 

F i- 2F'. From the geometry of the molecule F = 

with F having a positive sign. Thus the A1 (s ) mode is 

to be expected higher than the A1 (t) mode, in e?eement 

with assignments. Applying the same argument to the E 

modes, where the sytmuetry coordinates are (25i - 2 53) 

and (2t1 - t2 - t3) the F can be expected to change sign, 



the largest terms being between OOBiflß dipoles, so that 

the E (t) mode would be higher than the E (s) mode, 

again in agreement with the assignments as originally 
made. Although both of these inequalities are consistent 

with the assignments, they do not preclude other possi- 

bilities. 

The bending modes, of which there ere two allowed 

are probably at lM9O and 1177 cm in the vapor. Other 

hydrogen modes are difficult to identify. 

Ring Modes. A comparison of the spectrum of 

trioxane in this range with that of linear polyoxymethy- 

iene polymer shows a marked similarity. The greater corn- 

plexity of the spectrum of trioxane Is a reflection of 

its lower symmetry together with CH2 modes which seem 

more intense in the trimer. A direct correspondence 

between the two symmetries and D9 is not possible 

because, even Ignoring the different geometries and dif- 

ferent force constants, the modes which are infrared active 

have different phase relations between adjacent formalde- 

hyde units. Possibilities for corresponding phase reis- 

tions are the totally symmetric motIon A, but it Is 

Inactive for D9, and the out-of phase motion A2, but It Is 

Inactive for C. However, Saksena and Ralzada (15, p.276) 

using force constants which gave fair agreement for other 

fundamentals, calculated the latter to be 11k2 cm, which 
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is not in very good agreement with the l2kk cm found for 

polyoxyrnethylene. It may be that these authors are in 

error, for the spectrum of solid trioxane at _1800 yields an 

absorption at about 12kO cm. 
The spectrum of the solid at 18O° is very similar 

to that of the vapor as found by Ramsay, but shifted to 

somewhat lower frequencies. The absorption in the vapor 

spectrum at 1225 cm appears as a doublet both in the 

solid arid vapor, but for different reasons since there is 
only a single absorption in solution. For the vapor the 

cause is rotational contours but for the solid the split- 

tirig is from lattice interaction. In the solid the peak at 

1160 cm1 has developed a distinct shoulder which la not 

observed in the vapor. That there are actually two absorp- 

tions here becomes apparent when the spectrum of the solid 

at 25° is examined. 

Comparison of the spectra at -l8O and 25° reveals 

several interesting points. One new absorption occurs at 

1008 cm1 in the Raman. Otherwise correspondence of peaks 

can be made with allowances for changes in intensity, 

presumably due to orientation. Absorptions which are close 

together in the -180° spectrum, ll7k(s), 1155 cm and 

1069, 1051 cm seem to be further split at 25°, going to 

1183, 11146 cm and 1078, 101414(s) respectIvely. If split- 
ting Is caused by Fermi resonance both modes must belong to 



the same symmetry species. That they do not belong to the 

seme species seems likely since the intensity changes 

caused by orientation are not the same for the two com- 

ponents. 

The following assignments (15, p.276) for trioxane 
ring frequencIes were made by Ramsey, and by Saksene and 

Raizada for the data they had available. 
A1 A2 E 

939 (R) ?), 1111.2 (calo.) 116k (In) 

937 (IR) J 958 (R) 

721.7 (R) 

373 (cale.) 
972 (IR) 

520 (n) 

219 (R) ? 

Decreases in the intensities of the 116J1. and 972 

cm peaks with respect to the 937 cm1 peak adds support 
to these assignments. 

In the region below 900 em1 several new Infrared 
absorptions were found on tha 25° spectrum which generally 
correspond to Reman modes, except for the one at k75 cm. 
Other absorptions between 2250 and 1800 cm are probably 

combinations. 

SUMMARY AND CONCLUSIONS 

The Infrared spectra of several polyoxymethylenes 

of high molecular weight were found to be very similar, 
confirming the structural similarity Indicated from x-ry 
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studies. Detailed analysis of the spectrum was attempted 

in order to select the most likely structiz'e and to 

interpret the spectrum accordingly. 

Symmetry and selection rules were examined in 

general for linear polymers and then applied to the possible 

structures : zigzag, planer "Wannen, " and spirals of D 

symmetry. It was noted that selection rules predict the 

same number of active modes after n exceeds 2 for infra- 

red and lt for Raman. Comparison of the number of pre- 

clicteci skeletal modes with the number found experimen- 

tally reveals the impossibility of the zigzag structure 

and the unlikelihood of the planar "Wannen." However, 

D2 and D9 spirals cannot be distinguished oì this basis. 

Skeletal mode frequencies for four structures were 

calculated assuming force constants which were used else- 
where in calculating ring frequencies in trioxane. As 

a prerequisite to using complete sets of internal coordi- 
nates, redundancy conditions between coordinates vere dis- 
cussed and some of the conditions derived explicitly. For 

spiral molecules it vas found convenient to express the 

conditions in terms of cylindrical coordinates and then to 

transform these into ordinary internal coordinates. Calcu- 

lations were simplified by considering the two hydrogens in 
the CH2 group to be located at the carbon position. Aside 

from coupling errors it vas shown that calculated frequencies 
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re afÍected only 1f they belong to a species containing 

a rotation end in this 1tter ease the frequencies for 

the approximate calculation are higher by a factor not ex- 

ceeding the square root of the ratio of the moments of 

inertis of the approximate to the real configuration. 

Tables of the G? elements are included for the structures 

considered, 

Results of calculations vere compared with the 

experimentally observed spectrum and assignments vere made 

for the D2 and D9 models. Examination of the calculated 

modes for different models reveals the comparative fre- 

quency consistency of the antisymmetric and symmetric 

stretching modes, the greatest difference in the spectra 

being in the different selection rules. Because of the 

coordinate mixing in some of the species for the spiral, 

the effect of setting the torsional force constant equal 

to zero was to lower the bending modes and raise the 

stretching modes. 

The infrared spectrum of the cyclic trimer of 

formaldehyde vas studied in the solid state at 25 and 

-180°C. Results vere compared with earlier qasignments. 
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