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THE DIPOlE 10 NT OF TRIOXANE VAPOR 

INTRODUCTION 

The dipole moment of a molecule is a vector quanti

ty related to its degree of electrical symmetry . If the 

centers of positive and negative charges in a molecule 

are not coincident, 1t possesses a dipole moment equal to 

the product of the charge and the distance ot separation. 

This quantity is a molecular constant of the order lo- 18 

e . s . u . -centimeters . 

Dipole moment studies offer a convenient means of 

clarifying numerous problems of molecular structure by 

differentiating between several possible structures . For 

example, it has been shown (22: 26) that trioxane, the 

cyclic trimer of formaldehyde (30), can exist 1n two dif

ferent configurations . They are usually designated as 

the nohairtt (Z) and the "cradle" (0) forms . The theoreti

cal dipole moments of these two forms were estimated by 

summing individual bond moments . Values 'of 2. 3 and o.6 
Debyes* respectively were obtained (20). 

0 

* 1 Debye • 1 x: 10-U~ e.s . u . -oent1meters . 
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Measurements of the dipole moment of tr1oxa.ne in 

benzene solution have been made by Mak'yott and Acree 

(20). They found e. value or 2.18 Debyes 1nd1oat1ng that 
-

in benzene solutions trioxane exists pr1no1pally (1f not 

entirely) in the chair form. A search of' the lit,erature 

revealed no such studies of the vapor phase . 

http:tr1oxa.ne


THEORI 

It the dielectric constant of a vapor 1s known as 

a fUnction of temperature, its dipole moment,~, can be 

calculated by application of the well known Olausius

Mosotti equation (6, p.ll). 

P~ is generally known as the total molecular polariza

tion. It is equal to the sum of three termst 

4:0:N 0C: 4:trN CX A and 4'n' N J.l2 
' • ' , 9ltT ; 

wh1cn are respectively the electronic; atomic, and orien

tation polarizations (P,rt, PA, Po). Since l]: and PA are 

not dependent upon temperature, equation (1) can be re

written as, 

in which A and B are constants. The former is sometimes 

called the "deformation polarization" and is merely the 

sum of the electronic and atomic polarizations, the latter 
4?r N p.2being equal to 9k.- • 

Thus if the molecular weight, , and the density, 

D, of a substance are known, its total polarization at a 

temperature, T, can be calculated if' its dielectric con

stant is known at that temperature. If the dielectric 



constant is measured at various temperatures and the 

total polarization calculated and then plotted gainst 

the reciprocal of the absolute temperature, a straight 

line should result having slope E and Pr intercept A. 

From the value of B thus obtained )' can be readily cal

culated, since 

p. . ~ ·~ 
• 0.01213 ra. (3) 

In order to avoid the determination of the densi

ty of the gas it is usually found satisfactory to assume 

the validity of the ideal gas law, in which case the 

molecular polarization is given by, 

Ptr • 1E _ la T x los ( >4. io p , 4

where p is the pressure 1n millimeters of mercury and T 

is the absolute temperature on the Kelvin scale. 

Although there are other methods of calculating 

dipole moments (18, p.42), this method .of utilizing the 

temperature dependence of the polarization is the one 

which is most generally applicable. 
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APPARATUS 

The measurement of the dielectric constant of a 

substance involves the measurement of the capacitance of 

a cendenser 1n which the substance in question is the 

dielectric and comparing the value thtts obtained with 

the capacitance of the sam.e geometrical arrangement or 
electrodes with a suitable standard dielectric (e.g•.• 

vacuum. air, 002, etc.). 

For this purpose a condenser cell was designed in

to which the vapor sample col:\ld be introduced and which 

would withstand the desired range of temperature (which 

1n this case was chosen to be from room temperature to 

around 2oooc.). A cell which had been constructed earli

er for use with gases at room temperature could not be 

employed since polystyrene had been incorporated as the 

insulating material. This of course would not withstand 

the high temperatures necessary for the proposed measure

ments. Thus, the first consideration was of the construc

tion of a suitable cell. 

Figure 1 shows the cell which was finally construct

ed. The electrodes are t .wo sheet nickel cylinders spot

welded to nickel rods which are 1n turn welded to tungsten 

supports. The tungsten supports were sealed through a 

uranium glass press-seal. A graded seal was made to the 
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coaxial cable 
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cylinders 

connector 
" 

FIGURE 1 

CO~"DENSER CEU. 

pyrex envelope of the cell through a short section of 

nonex glass tubing, Spacing of the cylillders was main

tained at the bottom ertd by tungsten wires sealed into 

uranium glass beads . Small clips were sprung against the 

inside of the pyrex envelope to add to the mechanical 

rigidity of the electrodes . 

In order to provide for the introduction of samples 

and standard substances into the cell, the vaouum system 

shown in Figure 2 was constructed . By closing stopcock 

A the r1ghthand section can be isolated from the rest or 

the system. This part was wrapped with asbestos and 
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I

L ___ 
-- .....-.. -

FIGURE 2 

VACUUM SYSTEM 

,f 
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electrically heated to prevent the condensation of 

tr1oxane. The heating coil was extended down over the 

me.rcury in the U- tube to keep the trioxane from conden

sing on the surface ot the mercury. A variable trana

former was used to control the heating oo1l so that the 

temperature of the system could be adJusted to approxi

mately 12ooo. 

The next problem was one of adequate thermo

stating of the cell at any desired temperature over the 

required wide range . to accompliah th1s the cell was 

submerged 1n a cottonseed oil bath. Cottonseed oil was 

employed because of 1ts excellent dielectric proper·t .1es 

as well as its ability to withstand the maximum of the 

desired temperature range. The bath used was a cylindri

cal metal tank with a capacity of about four gallons. 

This was wrapped with several layers of rock-wool insula

tion sandwiched between asbestos paper. The bath was 

heated with three 250 watt knife heaters which were con

trolled by a thermo .. regulato:r ·designed and constructed by 

F . W. Karasek (14)·. 

This thermo- regulator utilizes a Western Electric 

type 14A thermistor as the temperature sensiti~e element . 

The thermistor 1s included in one arm of a \'iheatstone 

type bridge. Atter proper ampl1f1cat1on the unbalance or 

"null" signal .from the bridge is fed into a discriminator 
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circuit which serves to control a pulse generating cir... 

cu1t. The genera.ted pulse is applied to the grid of a 

OJ6 thyratron tube connected 1n series with the heaters . 

Thus, its tiring is regulated to allow. Just enough power 

to the heater~ to maintain the desired bath temperature. 

By employ1ng suitable ll.lUlt1pl;y1ng resistors, the d:ea1red 

temperature range can be. eonven1entl)' covered. This 

principle makes possible continuous variation or the 

heater current rather than the on or off control or most 

conventional thermo-regulators. With this device 1t was 

fot1nd to be quite possible to control the temperature of 

the bath to within o.o1oo. or better over the desired 

range . 

The next consideration was of the method of indi• 

eating small changes 1n the capacitance of the condenser 

cell. There are two meth$ds in common use for measuring 

capacitance with high prec1a1on~ One method utilizes an 

impedance bridge of the Wheatstone type, the capacitance 

cell forming one arm of the bridge. The resistive and 

reactive components. of the cell impedance are cancelled 

by proper adjustment of c.1rcu1t components in an adjacent 

arm of the br1,dge . 

The other method is based on the heterodyne or 

nbeat" principle (5; 11) .. The condenser oell is incor

porated in the resonant circuit of a radio- frequency 
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oscillator. 1'hus, any change in cell capacitance re

sults in a change in the frequency of oscillation. The 

output frequency of the oscillator is compared with some 

appropriate frequency standard. Usually this system 1s 

used as a t•null" method, i.e,, after a ohe.nge in cell 

capacitance the oscillator is retuned to its initial 

frequency using a standard precision condenser in 

parallel with the cell. The amount of capacitance by 

which the standard condenser must be changed to produce 

the or1g1nal frequency is then equal to the change in 

cell ca.pa.citanoe. A device of this latter type has been 

in use for several years in the physical chemistry labora

tory for determining the dielectric constants or solu

tions (5). This instrument was set up and tested. It 

was found that it lacked the much higher sensitivity 

required for vapor phase measurements. The limiting 

factor appeared to be the precision condenser. which could 

not be adJusted finely enough to ach1ev accurate eettine;. 

Th1a method was temporarily abandoned while tests were 

made on the bridge method. 

A General Radio 516-C Ra.dio.o.Frequency Bridge wae 

set up 1n conjunction with an RCA 167A signal generator 

and a Halicrafters S·20R oommun1cat1ona receiver as shown 

1n Figure 3. A vacuw:n tube voltmeter was connected to 

the A.v.c. 11ne o:f' the rece1ver., The A.v.o. volte.se is 

http:volte.se
http:ca.pa.ci
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Signal 
Receiver 

Generator 

a.v.c. 

V.TVM 

FIGURJi: 3 

BRIDGE APPARATUS 

very sensitive to input signal strength provided that 

the sig)lal is maintained above a. certain "threshold• 

level. The bridge was therefore used in the unbalanced 

condition making any precision balancing condense'!' un

necessary. 

A comparison of the sensitivities of the two 

methods revealed that the former, the heterodyne apparatue 

was apparently sl18htly superior. For this reason and 

because it seemed to offer more possibility of further 

refinement the heterodyne method was chosen for further 

study. 

Before any further work with this apparatus could 

be attempted , a precision balancing condenser was needed 

so that precise tuning could be accomplished. Several 
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low- range precision condensers are described in the 

literature. Of these the one by Ward and Pratt (31) 

appeared to be the most likely for the purpose. A 

greatly modified form of their condenser (FigUre 4) was 

finally constructed . 

rings 
~?+ZZZZ~7zz:~~?ZZ~~ micro'!leter head 

connector 

FIGURE 4 

MICROMETER CONDli:NSER 

Tuning is accomplished by adjusting the micrometer 

head. thus moving the inner rod along the axis of the 

cylinder which acts as the second electrode ot the con

denser. over the center portion of the scale where "end 

effects•' are negligible extremely good linearity can be 

obtained,. ith this condenser no difficulty was en

countered in "zero-beating" the variable frequency oscil

lator against a crystal controlled fixed oscillator 

operating at a frequency of about one megacycle per second. 



----
I 

13 

Due to the tendency for the oscillators to "lock" 

as their frequencies approach each other, the following 

scheme was adopted (Figure 5). The beat-note from the 

mixer is applied to the vertical input of an oscilloscope, 

--~ 
-~ _.,._,..,~--~-- ~--

FIGlJRE 5 

HETliRODYNE SYSTEM . 

a 1000 cycle per second tuning fork oscillator is used 

as the horizontal sweep. When any ·capacitance chang• 

takes place in the tuned circuit of the variable osc11

lator, a change in the frequency of the beat-note from 

the mixer stage results. When the frequency of the 
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bea~-note becomes 1000 cycles per second, the Lissajous 

pattern on the oscilloscope screen will be a stationary 

ellipse. 

The frequency of the fixed oscillator 1e control

led by a Bl1ley type BOX crystal ~t around 999~5 kilo... 

cycles per second . From the.data supplied by the Bl1ley 

Company, the temperature coeff1c1ent of the crystal was 

calculated to be approximately 5 cycles per second per 

degree centigrade . In an effort to improve oscillator 

stability the crystal oven shown 1n Figure 6 was construc

ted. A Western Electric type 14B thermistor in a Wheat

stone bridge 1s used to control t~e temperature of the 

heater 

FIGURE 6 

CRYSTAL OVEN 
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oven. The signal from the bridge is e.mplified to operate 

a. relay as shown in Figure 7. 

AMPLIFIER 

thermistor 
IIOv.o.c. 

heater 
(. 

~---~----

FIGURE 7 
CRYSTAL OVEN TH!i:RMOSTAT 

Thermoatat1ng the crystal in the fixed oscill&tor 

resulted in but a slight improvement 1n the stability of 

the system. The several cycle per second instability 1a 

apparently due primarily to other factors, such as 

mechanical vibrations and variations in the temperature 

of other circuit components. 
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FIGURI 8 

COMPLETE APPARATUS 
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FIGURE 9 

COMPLETE APPARATUS 
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Before making any measurements the constant 

temperature bath is set to the desired temperature and 

the crystal thermostat and the oscillators and assoeiat~ 

circuits allowed to warm up for several hours. The 

vacuum system is then pumped down to 0.1 m1111meters or 

mercury or less. ith stopcock A (Figure 2) closed, the 

sample is gradually heated. As the pressure in the right 

hand side of the system increases. stopcock B is care

fully "cracked" to keep the pressure difference as indi

cated by the U-tube to within a few centimeters. When 

the entire system is up to the desired pressure. the 

micrometer condenser is adjusted until an ellipse 1s 

seen on the oscilloscope screen. It was found advisable 

to turn off the stirring motor 1n the oil bath while 
' . 

setting the micrometer condenser 1n order to reduce inter

terence. 

As soon as the condenser is properly adjusted and 

its setting recorded. stopcock A is opened and the entire 

system again evacuated. A trap immersed in an ice bath 

1s used to keep trioxane from condensing 1n the pump. 

With the system evacuated the micrometer condenser is 

again set to balance and its reading subtracted from the 

one found with the tr1oxane 1n the system to give b m. 
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The relationship between this quantity and the 

dielectric constant of the vapor was established by 

passing carbon dioxide into the system through a CaC12 

drying tower. With the introduction of each carbon 

dioxide sample, a variable condenser 1n parallel w1th the 

micrometer conden~er and the cell
, 
was readjusted so that 

the measurements could be made at various points over the 

ent1re range of the micrometer condenser (Figure 10) • 

0 0 0 0---=--=---...-o----..0:----"''---o--o-o-o-o
o 

o 100 200 3oo 4oo 5oo Goo 100 aoo 9oo 1ooo 1 

m 

FIGURE 10 

LINEARITY OF IOROMETER CONDENSER 

This procedure served to effect the calibration of the 

condenser as well as to check its linearity. 

I 
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Thirteen absolute determinations of the dielectric 

constant of carbon dioxide have been made . These .are 

listed 1n Table I. The various values of' E- 1 have 

been corrected to 25°C. and 760 mm. pressure. Other 

TABLE I 

THE DIELiOTRIC CONSTANT OF CARBON DIOXIDE (19) 

E- 1 x lo4 Author Reference 

. 
. 

8.67 
9.02 
9.11 
9.19 

10.13 
8.69 
8.91 
9.20 
9.04 
8.82 
9.06 

9.06 
9.05 

Boltzmann 
nemenc1c 
Pohrt 
R1egger
Jona 
Fritts 
Za.hn 
Bre.umnlliu 
Stuart · 
Forro 
M lpine and 

Smythe
Watson 
Kubo 

1 
16 
23 
25 ' 

13 
9 

'' 2 
27 
8 

21 

32 
17 

determinations .at high pressures have been made bJ Keyes 

and Kirkwood (15; 28) and John (12). Ot the tabulated 

results, those due to Stuart, cAlpine and Smythe, e.nd 

Watson are probably the most accurate. Therefore, the 

value of E- 1 • 9.05 x lo-4 was chosen as the standard 

for this work . Since the deviation from the mean value 

of A m • 42.6 appears to be ~andom (Figure 10) the con

denser is assumed to be linear. The relation between 

the change 1n micrometer condenser sett 1ng, A m, and the 
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dielectric constant is then: 

€ .... 1 • 2·05 x lo-4 A m 
42.6 

• 2.11 x 10-5 ~m. (5) 

The trioxane used was "High Purity Trioxane" ob

tained from E. I. du Pont de Nemours & Co. Upon d1st1l

lat1on it forms long needl crystals. It is cla1med to 

be better than 99.5~ pure. 
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RESULTS AND CONCLUSIONS 

The experimental results are summarized in Table 

II. The tabulated values of € • 1 were calculated from 

the observed changes in micrometer setting, 6. m, using 

equation (5) • Each value of C. m shown represents the 

average of three or more determinations. In order to 

calculate the total molecular polarization at a given 

t emperat ure, the mo1ar vol ume, D , o e vapor mus-v • ._M r th t 

be known at that temperature. Using the ideal gas law 

to obtain a value of V for the vapor, the values of Prr 
were calculated and plotted against 1/T, as shown by the 

dotted line in Figure 11. The curvature at the low 

temperature end of the range was attributed to the non

ideal behavior of the trioxane vapor. 

At temperatures down near the condensation point 

the molecules of the vapor are close enough together so 

that errors resulting from the use of the ideal gas law 

in calculating the molar volume may become appreciable. 

Also, at these lower temperatures dipole-dipole inter

actions may result in further non-linearity 1n the varia

tion of the polarization with temperature. Since no 

critical constants or other equation of state data could · 

be found for tr1oxane it was des1rable to obtain some 
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TABLE II 

EXPERIMENTAL RESULTS 

p (m.m.) Am ( € -1)•103 IT(c.c.) l/T•l03 

760 

760 

760 

760 

760 

760 

193 

368 

625 

311 

340.0 .t 1.0 

309.9 ;.t 2.5 

289.8 ~ 3.5 

264.1 .t 3.0 

236.3 .t o.s 
208.8 .t 3.5 

80.1 .t 2.0 

158.1 .t 2.5 

273.6 ! 1.5 

114.2 .t ;.o 

7.16 

6.52 

6.10 

5.56 

I 4.97 

4.39 

1.69 

3.34 

6.27 

2.43 

77.,0 

71.8 

68.1 

64.4 

58.8 

54.4 

71.4 

74.1 

76.2 

66.3 

2.54 

2.48 

2.45 

2.37 

2.31 

2.21 

2.54 

2.'54 

2.54 

2.45 

• 



24 

~ - --- ------ -------:,-, 
I 

100 

80 

60 

PT 

1 (c.c.) 

... 

I 

I 
I· 

4 6 8 10 12 14 16 18 20 22 24 26 
4

I IT · 10
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FIGURE 11 

VARIATION OF FT WITH 1/T 
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other estimate of the magn1tude of the error introduced 

in Pf as a result of assuming ideal behavior of the vapor. 

Such an estimate was made by measuring the di

electric constant of the vapor at various pressures at a 

fixed temperature. The polarization, FT, could then be 

calculated and plotted against pressure. The value of Pt.r 

found by extrapolating this curve to zero pressure s_hould 

represent a more accurate determination of the polariza

tion. The values of Prr obt-ained by this procedure are 

also plotted 1n Figure 11 (solid line). 

The slope, B, of this curve is 42.000, giving a 

value of Jl • 2.6 Debyes. This is in fair agreement with 

the value of 2.3 Debyes estimated for the "chair" eon
. 

figuration of the molecule by ar.yott and Acree (20). 

In the "chair" model (Figure 12), the symmetry
• 

operations are: E, 203, 3 ~v• constituting the group C3v• 

All six 0-C bonds are equivalent. The C-H bonds fall into 

two·sets of three symmetric members each. -The dipole 

moment necessarily lies along the symmetry axis, C3. 

Thus, the problem of calculating the resultant moment 1e 

that of resolving each bond vector along the symmetry 

axis. Assuming the tetrahedral bond angle of 109°28 • for 

the carbon atoms, one possible. configuration of the mole

cule has three 0-H bonds parallel to the symmetry axis 

and the others set at 109028'. The resultant would then 
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FIGt.lRE 12 

"CBA.IRn AND "CRADlE" CONFlGURATlO.NS OF TRIOXANE' 

http:CONFlGURATlO.NS
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be 

Jl • 3JlcH + 3 cos l09°28'·~cH 

3}'\oB{l - l/3) • 2)4cH 

for the 0-B bonds. To calculate the resultant o~ the 0-C 

contributions it is necessary to make some assumption 

about the ring puckering angle. As a rough estimate, one 

might assume the cosine of the angle between the 0-C bond 

and the symmetry axis to be 1/3. Then the total dipole 

moment would be given by, 

J1 • 2f'cH • 2 ]l.oo • 
The contributions to the total dipole moment of the Ct-H 

and 0-0 bonds are given by Le Fevre (18, p.64} as 0.4 and 

o.7 Debyes ~espectively. This gives a value of JA.. • 2. 2 

Debyes. 

Calculations of the dipole moment of the ..chair" 

configuration of trioxane have been made by Calderbank and 

Le Fevre (4) assuming various bond angles ·for both the 

carbon and oxygen atoms. They showed that the estimated 

value of ~ varied from 1.9 to 2.7 Debyes, depending on 

the particular bond angles chosen. Therefore, the 

experimentally determined value of 2.6 Debyes is entirely 

consistent with those estimated by summing individual 

bond moments. 
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Some difficulty was encountered when the corrected 

plot of Pf versus 1/T was extrapolated back to infinite 

temperature in an attempt t.o obtain an eet1mate of the 

polarizab1lity. The intercept of the curve on the lT 

axis, and. therefore, the polar1zabil1ty were found to be 

negative.. This, of course, cannot be justified on 

theoret leal grounds. It therefore seemed advisable to 

attempt a calculation of the i~uced polarization o~ the 

molecule. Two methods of calculating the contribution 

4tt Nell of the induced polar1zat ion are suggested by Van 

Vleck {29, p.6o). 

Ey adding the optical refractivities of the atoms 

.i,.n the molecule an a.pprox1ma.t.e value· of the induced 

polarization can be obtained. Tbe contributions of the 

various atoms are (28, p.84): 

PI(C) • 4-.86, PI(H) • 1.2.9, PI(O) • 2.90 e.c. 

Thus , P-r for tr1oxane is approximately 31 cc. 
~he other method of ea.lcula.ting the induced polari

zation involves the assumption that the dielectric con

stant of a compound in t he solid state is equal t.o the 

square .of' 1ts rafrac.tive index. If' the dielectric con

stant and the density of a. solid are ~own at a temperature 

well below its melting point, its induced polarization,. 

'D. • ~ M can be calculated. The dielectric constant•.L T+2 i)• 
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ot solid tr1oxane at 2ooc. is given by Walker and 

Carlisle (30) as 3.2 ·to 3.4. No value could be found 

tor the density of the solid at 20°0. However, 11ia 

density at 65o~. is 1.17 grams per e.c. (30). The 

density was there:fore taken to be 1.2 grams per c.c., 

yielding an induced pole.r1zat1on or 32 c.e. 'This 1s in 

excellent agreement with the value obtained by the 

additivity method •. 

A value of the induced polarization or around 

31 c.c. would seem, therefore, to be a very reliable 

estimate, although apparentl.y entirely inconsistent with 

the experimentally determined values of the total po~ari

za.t ion. Although the intercept of the curve on the Pr 

axis is extremely sensitive to small errors 1n the slope 

(due to the long distance over which the extrapolation 

must be made), it 1s inconceivable that the 'apparent dis

•crepa.ncy could be due entirely to experimental error. 

If the estimated value of the induced polarization 

is assumed valid, the only reasonable explanation of the 

apparent anomaly 1s that the dipole moment is not inde

pendent of the temperature. A decrease in the slope of 

the curve with increasing. temperature would correspond to 

a lower dipole moment at elevated temperatures. 

l..raryott and Acree .(20) ·estimated a. value of 0.6 

Debyes for the "cradle" f'orm of trioxane. If 1t 1s 
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assumed that an equilibrium exists between the "chair" 

and ••cradle" forms, the latter being less stable, 1t 

would be possible to account qualitatively for the 

polarization curve . 

Estimates of the energy of the reaction "chair" 

~ "cradle" for the isoelectronic molecule, cyclo

hexane, have led to values around 3 kilocalories per 

mole* (10) . At the higbest temperature of this investi

gation (18ooc . ), the equilibrium mixture should contain 

roughly a fraction less than exp( - 3000/RT) = 2. 4 x lo- 4 

of the "cradle" form; the dipole moment would thus remain 

closer to 2. 3 than to 0. 6 Debyes until temperatures of 

the order of 1000°K were attained . 

Thus, it is concluded that trioxane exists in the 

"chair" configuration at temperatures below about 200°0 . 

This is in agreement with the infrared spectral data of 

the compound (7; 24). At elevated temperatures the two 

forms are in thermal equilibrium. Since thermal decompo

sition takes place at these higher temperatures (3), 

experimental verification of this latter conclusion would 

be somewhat difficult . 

*Although this figure is based in part on the well- known 
barrier to internal rotation in ethane, it may be men
tioned that the correspond1ng barrier for d1methyl ether 
is of the same order of magnitude. 
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