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INTRODUCTION

This work i8 based upon a group of exper1ments planned to re-

veal oertain ettects of water and other hydroxyl-oontaining substanoes

on dielectrio relaxation in oellulose. It is, theretore, appropriate to

begin with an exposition of the theoretioal oonsiderations underlying the

tundamental Debye equations for the dieleotric constant and loss as well

as the relaxation tima of a dieleotric (13). It i8 relevant as well to

oonsider Eyringts picture of dielectrio relaxation as an activated rate

process. Following this, pertinent aspeots of the struoture and general

properties of oellulose will be traoed (33). Finally, work done on the

dieleotrio properties ot this system will be reviewsd.

Assuming the existenoe of a dielectric oonstant and oonfining

attention to isotropio substances, the mean moment of a molecule, m, acted

upon by a steady electric intensity F can be written:

. m =o<F (1)

c{ is the moleoular oonstant ttPolarizabilitytt. In determining F, in

addition to considering the eleotrio intensity arising trom the applied

tield, one must talce due account ot the reaoting field as nU as other

related .factors. The oldest problem, conoerned with media composed ot

non-polar moleoules, can now be regarded as settled; W8 still await a

oompletely satisfaotory treatment of the case Where the moleoules possess

permanent dipoles (18). If one assumes that the molecules are moving to-

tally independently ot eaoh other, one obtains the relation (13) 1

F = E .. 4'Tt' r (2)
3

where E is the electrio intensity due to the applied field, and l i8 the

polarization, or electrio moment per unit volume. By detinition,



1= D1I1

= ne«E"~ 1)

whare n is the number of dipoles contained in one cc. Also by definition,

D: Bof 4'1TI

= l: E

where é i8 the dielectric cons"tan"t of iihe substance. From (3), (4), and

(5), one obtains:

é.-l : 4rrr (6)m- ~not.

The Molar Polarization P is defined:

P = 4'Tf' No( = é -1 M (7 )
-r- rn'r

wbare p is "the density and M"the moleculer weight of the substance. and

N i8 Avogadro'. number. For polar substances whose Molecules have a per-

manen"t dipole momen"t r» the mean electrio momen"t Ls expressed by:

m: (d-o of)!;2 ) F (8)
3iT""

T being the absolute "tempera"ture. The factor 0(0 ta1œs cere of the dis-

tortion etfect. "the fac"tor )N213lé! of 't he orientation effect. This con"tri

bution from orientation has been derived by the classioal method employed

by Debye (13), and, in addition. by the methods of wave mechanics (13).

quantum mechanics (60), and "the Born-Heisenberg mechanics (40. 45). Thus,

summing over a discrete number of states in the newer methods has given

the seme average moment as averaging over a continuous distribution in

the classical derivation.

For a periodic field of anguler frequency ~ the mean moment

becomes complex and is given by:



- 3 -

2
m = S~ 1 .. 0(r\)F

13lcT l" ;'~rr )

and the molar polarization P is expressed by&

= p(~) =4'1\N~ of 2 l J
3 ro

~ 1 res-
(10 )

The relaxation time ". i8 def"ined as the time in seconds for the variable

part of the moment distribution tunction 110 be reduced to lie of its in-

itial value atter instantaneous removal of an electric field that bas

caused them to become orien1led in a definite direction.

Two dielectrio oonstants ~o and t oo are defined by:

(11)

(12)

Acoording to (10) the dieleo1lric constant ~oo denotes the value of é: for

high frequencies -- the optical dielectric oonstant -- and fo is the

s1latic dieleotric oons1lant. observed f"or ~ = o.

The value of é. as a tunotion of frequenoy is then given by,

t =
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and oan be -.ri1rten as,

é. - 6' - 1.. 6"-
wheret

é' - t oo .. ~o -1:00-
l .. i2

~" - ~o - 60 0-
l of x2 x

x - 6 0 .. 2 wrr"-
é of 2

00

(14)

(15)

l,t, attains a maximum value when x • 1; upon this taot rests

the method general1y used for the determination of rr. In attempts to

evaluate the internaI field in polar liquids, Onsager and others have

suggested that the factor ~o 4 2/60 0 + 2 ocourring in Debye's equations

be replaoed by unitY (24). In the present work the relaxation time has

been evaluated as l/~ where ~__ is the experimentally determined
""'_ "-"1.

anguler trequency tor maximum absorption.

Thus, when measurements are made as a tunction of frequency

at temperature T one obtains cums for l:..' and l-" as shawn in Figure 1.

Over a given range of frequencies t:..' undergoes a rapid deorease and at

the same time ~" goes through a maximum. in the torm. 01' a symmetrical

bell-shaped ourve. For these phenomena a correspondenoe la... holds stat-

ing that e:o.y effect of the frequency cm likewise be obtained at con-

stant trequency by making a corresponding change in 'T'. In partiou1ar,
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rr is markedly dependen"t on the tempera1iure as wall u 1ihe viscosi1iy

(1.3, .30, .35, 41). consequently, it is not surprising that similar curves

of 6 1 and ~II are obtained when the frequency ia kept constant and the

temperature ehanged, Because of the greater ease of traversing a suitable

1:emperature range 1:han the corresponding frequenoy range the majority of

workers in 1:his field have chosen to change the1r variables in the for-

mer fashion. They have for the mos1: part assumed that the value of the

relaxa1:ion tilDe obtained in this way from the maxima of the fil curves

was the seme as that ob1:ained at this temperature a1i varying frequency.

There are those who have questioned the validity of thia assumption ('i!7,

.38), but "their objections do not appear to be at a11 sound in principle.

For example wo workers ('i!7) objeot on the grounds that to eaoh temper-

ature there oorresponds a characterbtio dipolar struoture, i.e., a

different substanoe. If "the implioation 1a 1:hat it is the visoosity

which ehanges , then 1t 18 this very faot whioh is the basis for the phen-

amena observed,as shawn above.

On the other band, a very simple demonstration ot the equival-

ence of "the uo me"thods ls of.fered as .follows (29).

Put A

=

-- l

Aooording to Debye IS theory z =A - A2(Equation 15). Sinoe ~o and loo

are independent .of f, the frequency of maximum loss fY'f'l. isgiven by



FIGURE 1

Variation ot Eo' and é" with log t in a diapersion region.
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(1 - 2A) ~A

~

The temperature T", which makes z a maximum i8 given by:

-- o : (1 - 2A) OA
ST

In each case the relaxation time ". is given by the unique equation

1 - 2A : O.

The equivalenoe of the two methods ia apparent as well in the

soUd model representing tan ~ ( • ~ t .) as a tunction ot bath trequency
'"'V"

and temperature tor terylene (48).

For a gben field e' and ~ are related in a very simple way

to the rate ot 108s ot energy from the electric field (20). t t t may then

be considered as a measure ot this loss.

When a dielectrio i8 a conductor as well, there 18 a contribu-

tion ta et which varies inversely as the frequency. Let the dieleotric

examined be represented by the model in Figure 2a, the phase diagram

being shown in Figure 2b. Cr 18 the parallel oapaoitanoe, On.C. "the d-o.

conductanoe, GD the oonductance assooiated with Debye effeots; and il'

i 2, and 13 are the corresponding currents. ~. and ~2 are the phase angles

assooÏB:ted wi~h GD and Gn .. GD•C.' respectively. E i8 the potential

across the dielectric. The model is then described by the tollowing

equations:
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FIGURE 2

a) Model for a oonducting dipolar d1eleotric.

b) Phase diagram for dielectrio of Figure 2a.
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.
11 • EIIlC·r·

6"
T

- f. 1 tan 4>2 : é.' i 3 t ;'2

i.l

.. . 1 1

6. D.C •

For a parallel plate oondenser

GD.C. =A~
l

:L a
~o-

l

where ~ is the specifie d.o. conduetivity of the dieleotrio and a is

the eross-seetional area and 1 the 1ength of the condenser. Therefore

a
A - 4rrrAE. l 'D.C. - l • 1000 x 10' 1 X-

w i&- a 8.85 x 41"( W
l

- 9 x 10" x 4rrrL\-
w

This is the fami1iar expression (9) whioh 1& quite general for conden-

sers of aIl shapes.

In the treatment leading to Equations 15. it was assumed that

upon removal of an eleoiirical field the moleeule loses the impressed
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orientation by a succession of random movements, the trace of its original

. position becoming gradually lees ai'ter each such movement. In the con-

sideration of the process as a unimolecular reaction it was found more

reasonable to assume that the dipoles change their orientation, not

gradually, but in a series of sudden jumps. It was f'urther assumed that

the rate of jumping was equal to the molecular rate of relaxation ko, where

= 1

T
(16)

ko being analogous to the specifie rate constant of chemical reactions.

In the theory of' absolute reaction rates (28) it is assumed

that, in any atomic or molecular process whose rate is temperature depend-

ent, the atoms or molecules involved must f'irst come together to form

what ia called an activated oomplex. This is regarded as being situated

at the top of' an energy barrier lying between the initial and final states.

It Ls supposed that the initial reactants are always in equilibrium with

the activated complexes.

The simple expression for the rate constant of a temperature

dependent process 1s derived to be:

-- (17)

where K"k. 1s the constant for the equilibrium betw&en the activated com-

plex and the reactants, k is Boltzlll.9.IlIl 'a constant, and h i8 Planck's

const8.l1t. 'Writing K:l in terms of the standard free energy of the process,



--

- Il -

RI' ln Kk

or

Whence (17) beco.mes

= kT-
~

"A~= kT e.. R'l"
h

(18)

Â~ and..68* are the standard enthalpy and entropy changes. respectiTely~

which accompany the activation prooess. Equations (16) and (18) are

combined to give

l-T
.... kT

h (19)

From. Equation (19) it is seen that the rate of the prooess is

determined. not by the heat of activation ~~ but by the free energy

of activation AF*. Renee. if a process 1s characterized by a large I:JJ!-~

it can still take place with rapidity if accompanied by a correspondingly

large increase in entropy. On the other hand a small Â~ value does not

imply a high rate if a small entropy term is involved.

It is of great interest to cons1der the implications of the

values that can he assumed by ,\8*. Many relaxation prooesses are character-

ized by large positive values of the entropy of activation~ often

higher than 100 e.u. For substances exhibiting suoh behaviour 1t is im-

possible not to conclude that more than one molecule 18 involved in the

activation. This situation can he visualized as follows (38):
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According to the current ideas on liquid structure the state

of affairs in the immediate neighbourhood ot a .molecule approximates

that in a crystal. Thus. in order to satisfy the requirements for sta

bility in a normal state (where "normal" refera to astate represented

by a local minimum on the potential energy surface for the system) the

region in the neighbourhood of the mole cule must be oharacterized by

. optimum. packâng, dipole orientation. hydrogen bonding (if suoh bonds are

possible). etc. If a change is to occur in the orientation of the mole

oule so that its state will then be represented by a second minimum on

the potential energy surface. the neighbouring moleoules in the "crystal"

must also undergo same ohange in order that the resulting configuration

may again be stable. The prooess of activation can be easily visualized

as involving a loosening of whatever bonds are holding the molecules to

gether. so that the aotivated state approximates to that ot a gas as far

as intermoleoular torces are concerned. This requires a large entropy

increase oomprised of the contributions of the members ot the "crystal".

From. this activated state the moleculea can go back to their original

oonfiguration or prooeed to another stable one.

Thus. if' the prooess ot active.tion is regarded as essentially

a vaporization, it is possible to calculate the number of molecules in

the "crystal" def'ined above trom. the magnitude of ASA and the entropy

of' vaporization of' a single moleoule as calculated f'rom Trouton's rule.

At about room temperature for a substanCe with a moleoular we1ght of'

100, each molecule undergoes a net entropy change of 10 to 15 e.u. dur

ing the "vaporization". Consequently it can be concluded that anywhere
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up to 10 or more molecules oan be vaporized in eàoh activation process.

Thu&. the magnitude ot l:t,S"k. in Eyring ta equation gives rise to the eon-

clusion that. in general. more than one molecule ia involved in the acti-

vation process of dielectrio relaxation. The seme oonclusion may be

drawn trom the value of f obtained trom the modified Arrhenius expression

for the rate oonstant of a prooessl

Cl e..--(A,lRT of r )[~ of ~ Jf
f~

f has been written for Hinshelwood 'a (n/2 - 1). where n is the number of

quadratio terms in which activation energy is shared. n is given by

n = 3a - 6. na" being the number of atome in the molecule. so tha't f ia

limited by 'the value of a. Frank oaloulated the value of f =140 for 'the

dieleotrio relaxation of oetyl palmitate dissolved in paraf'tin wax. From

this high value. one OaIlnot help but concIude as bafora that the relaxa-

tioo process involves several neighbouring molecules as we11 as the

central one under consideration (17).

Other evidenoe supporting this view is presented as fo11ows.

In a binary sys'tem of wo polar substances one would expect anomalous dis-

persion to ooour over two f'requency ranges corresponding to wo relaxa-

tioo rates. Such an efteot haB aotually been observed for oertain systems.

but ita appearanoe depends upon conoentration as ....11 as other factors

(51). In other systems. e.g. polyvinyl ohloride plasticized with varYing

amounts of tricreayl phosphate. a single dielectric 10ss maximum ia observed.
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In agreement with the views of Schallamach this suggests that it ia no'

longer oorrect ta apeak of the relaxation of single dipoles, but that

larger regions must be oansidered (38).

Values of AS* not far removed from zero ( of .79 e.u:. >. ASi:

>. - 2 e.u.) have been interpreted as indicating that the molecules of

the substance conoerned are ·free ta rotate without involving breaking

of bonds ta neighbours. Such behaviour 18 shawn by the hexasubstituted

benzenes (66). On the other band, negative values ot ASi: varying tram.

- 3 ta - 5 e.u. were tound for severa! substanoes (65); 1t was thought

unlikely that these negative values ar-ose from experimentaI errors. In

other words, the authors teIt that these values were signifioant, but

at the time made no ste.tement conoerning their physical importe However,

others (26, 47) are of the opinion that the absolute rate equation is not

suff'iciently e.courate for an absolute s;i.gnifioance to be ple.oed upon the

negativity of suoh small values. That ia, the liquida involved are ta be

considered as merely more mobile thansubstanoea characterized by more pos

itive values of Mi:. This view is probably a very wise one .. for it must

be borne in mind that the liquida involved (toluene, o-xylene, p-cymene,

eto.) were especially chosen for their very small dipole moment in order

that they might be regarded as dilute solutions of dipoles in a non-

polar medium. Thua, the aotivation process would involve muoh lesa bond

breaking in these cases than for the associated liquida usually tnvestigated.

Bence it is not surprising that their values for AS* extend into negativ1ty,

espeoially if' no absolute significanoe is to be plaoed upon them.
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It is of interest to introduoe the results obtained with the

s~e substanoe dissolved in solvents of different degrees of struotural

order , Entropies of activation were oalculated for solutions of diootyl

phthalate in both polystyrene and polythene. It is weIl known that, as

compared to polystyrene, polythene 18 muoh more olosely packed in struo

ture, largely owing to i'ts orystallinity. One would oonsequently exp.ct

the neeessity for a greater disorganization, benee a greater increase in

entropy, for aotivation in polythene. The results obtained are reoorded

below; they are in agreement with expeotation (42).

diootyl phthalate in polythene 33 e.u.

dioetyl phthale.te in polystyrene - 2 e.u.

Work on multioomponent dieleotrics has proceded in two general

directions. There are those who have with more or less suecess attempted

to assign values of dieleotrio constant and 108s to a particular oampon

ent (3, 36, 37, 39, 44, 49). Then there are the others, ineluding the

present author, who, whUe making measurements as a f'unotion ot composi

tion, have nevertheless persisted in oonsidering the system as a who1e

in this respect.

Investigations have been made on rubber swollen in turn in

various polar and non-polar solvents (52). From measurements at a con

stant frequenoy it was found that in a11 oases the temperature of maximun

10ss due to rubber was shifted in varying degree to lower temperatures by

an increase in concentration of swelling agent. On the other hand the

loss maxima of the solvents were brought by the rubber to muoh higher

temperatures than those of the pure liquids. In all Cases the enthalpy
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of aotivation for rubber relaxation deoreased with increasing ooncentra-

tion of swelling agent, which may, therefore, be considered as having a

plastioizing action on the rubber. A similar efrect was produced as well

in polyvinyl chloride by tetralin (23), diphenyl (22), and tricresyl phos

phate (11), and in polycaproemide by adsorbed water and methanol (21). On

the other hand the vulcanisation of rubber with increasing amounts 01'

sulphur (38, 53) 1a reflected in regularly 1noreasing enthalpies and en-

tropies of activation for relaxation. This 1s in agreement with the vie.

that the aulphur introduoes added rigidity by formation of bridges betw.en

chaina.

Native oellulose cons1sts or moleoules having a degree of poly-

merization of at least 3000 (33). What may today be regarded as the

established constitutbn of a single moleoule is represented in the follow-

ing tormula:

H
o

,
1
1

1

1

1

--~-.,.--

o

.
- --.!..-- ....

0
1

1
1
1
1.,,
1

\\ Cl"
, c."aO"

The wo terminal members 01' a chain are dïfferentiated from all others by

the possession of four instead of thr.e hydroxyl groups; one of thes.
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groups ta the extreme right of the figure is dist1ngu1shed by 1t8 aldehyd10

oharacter. Bach ohain member possesses one primary group. A oons1der-

at10n of spatial oonditions me.kes i t plain that ohains extending in one

direotion (auch SB must largely oonstitute Il fibre) can only be bu11t up

by continuous 1-4 glucosidio linkages from the frame of j3 glucose in

the annchair form. shawn below.

0\-\

In a straight portion of the chain. the oentres of grE'.vity of

the atoms ot the ring are dbtributed over wo paralle1 planes. The br"

drophobic H atoms are above and below these planes and latera1ly there

are the hydroph1110 OH groups. An arrangement of suoh ohains in a crystal

18 thus easily visualized. "the "seoondary valences" of the ~droxyl

groups being taken up in the fair1y powert'ul hydrogen bonds.

The pic"ture of cellulose fibre structure oentres around the con-

cept ot micellae. the meaning of which bas undergono a subtle change from

the timEt. 70 odd years ago, wben C.v. Nagel! coined the torm (33). They

are naw oonsidered as statistically distributod ragions of a latticed order

in a masa of substance oonsisting of approximate1y para.l1el ohain mol.cules •
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The "crystalline" regions alternate with less well-ordered "amorphous"

ragions, somewhat as shawn below, there being no oonnection between the

linear extension ot the mioeUae end the length ot the chsdns ,

In the process ot water sorption the water penetrates betwaen

the moleoular ohains into the tine, and even tinest amorphous regions, but

does net reaoh the oore ot the erystalline ragions. Now it the molecular

ohains are aligned in the direction ot the tibre. the fibre will s'Well

tr9.Dsversely only, but not longitudinally, in aooorda.Doe with the observed

behaviour ot ..ll-oriented cellulose tibres. The sorption prooess ia now

regarded as one ot solution, so that a oellulose tibre oontaining sorbed

water may be oonsidered as an arrangement ot more or bss regularly alter

nating regions ot orystalline mycellae and ot amorphous material in solu

tion in water.

The phenomenon ot hysteresis may, ai'ter Urquhart (46), be oon

sidered as a consequence ot this random. arrangement ot myoellaet Atter

drying, the cellulose molecules try to attain positions such that there

i. the greatest possible mutual satistaQtion ot secondary valences.

Beoause ot the relative immobility ot the long moleoules, it is not pos

sible tor them to reaoh the arrangement ot true minimum potential energy.
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If the fibre is again brought into contact with water vapor. the fibre

moleoules try to come into as co.mplete a contact as possible with the

water molecules; that 15. they tend to become independent of each other.

However. in consequence of the inertia-like effect juat mentioned. the

positions ot the cellulose molecules at the seme relative humidity are.

a!'ter drying. bas favorable to taking up water than before. In other

words. the fibre behaves on desorption like a material with a higher

amo\Ult of amorphous region. The fraction of amorphous region in native

fibres has been determined as 0.30 by X-ray methods. this being in good

agreement with values derived from sorption and density data (32. 34).

Throughout this 'Work the term "adsorbed vapor" is used to dis

tinguish the vapor uptake on the adsorption side of the sorption iso

therm fram that on th. desorption side.

A tundemental prCllblem arises wbenever an absolute measurement

ot the dielectrio constant of oellulose 1a desired. This 1s inherent in

the fibrous struoture ot the material. the poroua nature of which must

be circumvented in some manner if one wishes to avoid the neoessi'ty ot

taldng intQ aecount &.nomaloua surface effeots. T'wo methods. qui"te

simple in principle. have been developed to thi. end -- the teohnique

ot liquid mixtures Gd the pressure method.

The technique of liquid mixtures wal first used by starke (55)

and independently by De Luca, Campbell. and Kaass (15). These 8llthorl

showed that the problem of the porous spaoes in cellulose could be solved

by filling them with a liquid having the seme dielectrio oonstant as the

cellulose itself. The method involves tinding a liquid mixture which is
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iaodieleotrio with the cellulose. The composition of this liquid mixture

was the point of intersection of two liquid-oomposition versus dieleotric

constant ourves, one with and ane without the oellulose sample in place

in the oondenser. The dieleotric oonstant of a liquid of this compOli

tion was then determined directly, or from a curve showing the relation

between peroentage composition and dieleotric constant. The major un

certainty in this method, arising from. the small angle at whioh the ourves

orossed, wu neatly resolved by Brown (7) by simply plottiDg differenoes

in dielectric constant due to cellulose rather~ the oomposite values.

An entirely different approaoh was employed by Delevanti and

Hansen (16) and later by calkins (8). They construoted the eleotrodes

of their oondenser in auch a way that pressure could be applied to the

oellulose sample up to a point where it no longer had any effeot on the

measurements. At this point it was assumed that the pores in the semple

had been effectively eliminated.

Data obtained by these workers will be reviewed in the disoussion.

Dieleotrio dispersion in dry oellophane was disoovered by stoops

in 1934 (57); this ....s attributed to typieal dipole orientation. .Anal

ysis of his data shna no signifieant differenoe in the values ot the

relaxation time r whe1;;her calculated frOID. data obtained at constant

temperature, or, on the ether hand, at oonstant frequeney. There is no

reason why this should not also he the oase for other for.ma 01' cellulo.e.

Because 01' the softening aotion of water on cellulose it ~

reasonable to assume that sorbed moisture tactlitates dipole rotation

and thus appropriately shitts the position of maximum absorption. Some
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data was available on thia 8ubject but the results appeared contradietory.

Dakin and Auxier (10) measured the dielectric constant and dis

osipation factor 01' commercial papers as a tunction of 1'requency at 28 c.

When observable. the frequency of maximum absorption was une.tfected by

the moiature content. Similar meuurements by Henniger (.31) at .,00• for

paper wi'th moisture contents of 0 and 5.6% gave the ume general resu1ts.

On the other band Veith measured the dissipation factor of

paper at different moi8ture conteats as a tunction of temperature over

the range -40 to 400 0 . at fixed trequencies (61). The temperature of

:maximum Loae , observed only at the highest experimenta1 frequency. 100

Ke., appeared to decrease with increasing moi8ture oontent.

In view ot this cont1icting evidence turther investigation

appeared desirable. It was decided to work n'th a purified form of oel-

1ulose in order to eliminate ef1'ects due to high lOBS impurities. The

working .t'requencies chosen were such that absorption regions appeared in

the tempere:ture range -60 te 45°0.
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EXPERIMENTAL

Electrioal Apparatus

For the l'requenoy range of 10 Kc. to l :Mo. oovered in. this

work. two measuri.D.g oirouits used previoualy in this laboratory (24.

25) Dre employed. These were the General Radio Company's Type 821-A

Twin·T Impedanoe measuring oircuit and the Type 7l~C Scharing bridge.

The Twï.n-T circuit togethor wi'th auxiliary equipment was em

ployed ..t l and .55 Mc. The arrangement and method of operation were

essentially the seme as that used previously. the circuit being sh01VJl

in Figure 3. The appropriate high-trequency signal generated by the

oscillator was amplified and then l'ed into the Twin-T circuit. In the

absence of balance conditions in this oircuit part of the oarrier sig

nal entered the radio reoeiver. An internaI boat oBcillator in the

receiver wu employed to produoe beats with the carrier signal. Thi

heterodyne signal was 8llIplified and could be heard through earphones

plugged into jacks in the reoeiver. On balanoing the Twin-T cirouit.

the signal no longer entered the detector and no sound could be heard.

At 200 and 100 Kc. the Schering bridge was employed. The ap

propriate signal was fed into the bridge from the nme oscillator

amplifier arrangement used with the Tw:iJa-T circuit; the method of null

detection was likewise the seme. In this case the null detector was the

ReA Victor Type T.E.-23~B Radio Reoeiving Equipment consisting of ..

Pcnver Unit. m-22l02. and a Receiver Unit. MI-221l2.



FIGURE 3

Twin-T cirouit and auxiliary apparatu••
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This equip:ment oould detect signaIs in the range 15-600 Kc.

The Power Unit was carefully designed in order to maintain an aoourate

calibration of the receiver and a high degree of frequenoy stability.

The Receiver Unit was oomplete1y shielded both internally end exter.nally

to minimize oross-ta1k: between reoeiTers. Fi1ters were provided which

increased the effective CW selectivity and improved the signa1-to-noiae

ratie. a.w. reception and improved sensitivity and .eleotivity was ac

complished by the use ot a specially designed autodyne deteetor oirouit.

This deteotor emp10yed the familiar eleotron coupling with the reault

ant minimizing of reaction in all cirouit 6Witching in the audio system.

A very high degree 01' trequency stability is inherent in this type 01'

oircuit which rendera it possible to obtain the desired pertor.mance char

acteristics of this detector without oritieal adjustment of the oontrols.

These were set as 1'011... :

With the "Frequency Band" sTdtch set at the appropriate tre

queney range. the "runing" control was adjusted UDtil the desired signal

was heard. The "Regeneration" control was set so tha.t the deteotor was

o8oill..ti~g as evidenoed by a double oliok heard in i:he headphones when

the "Osc. Test" button was pressed and released. The "Sensitivi~" oon

trol was set at 6; this gave the required sensitivity wi:thout overload

ing the receiver with noise. The ItAntenna Trimmer" and "RF Tri.mmer"

oontrols were kept in the seme position for both frequencies, while the

"AVe" and "Audio Tuning ott-On" sTdtcheB were at al1 ti.mes kept in the

"otf" position.

The Sohering bridge was likewise employed tor the mell8urem.ents
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at ,0 and 10 Kc., the auxiliary equipment and general arrangement of

the cirouit being essentially similar to that employed previoualy (24.).

The bridge W&lS energized by a Hewlei;t-Paokard No. 200A Audio Osoillater.

The oscillator signal was fed to the bridge and thence through a Hewleti;

Packard Model 4041 vaouum tube voltmeter amplifier oirouii; to a 5-ia.

SylTania oathode tay osoillosoope whioh served as null deteotor. The

method of null deteotion Wall ...implification or that employed previously.

The signal, which was applied to the "y" plates or the osoilloscope wu

beat againai; an apprepriate internal osoillation applied across the "x"

plates. This resuli;ed in a wav.-rorm on the oscilloscope screen the

amplitude of whioh was reduced to zero upon balancing of the bridge.

Thua, the prinoiple or operation or all three arrangements i8

effeotively the sam.e. In each oase the raferenc. for meuurement 18 the

condition or zero energy transrer aoross the measuring oirouit. In e&Ch

case the residual signal transrerred across the unbalanoed oirouit i8

beat against an internal osoillation in the null detector. On the one

band the resultant eleotrical oscillation is transformed to an audible

SOUJld wave, on the other band 1t becomes .. visible eleotron wave.

D-e. resistance measurements were made with a General Radio

Type IB61-A Megohmraeter. With rew exceptions to be mentioned beln,

there was no appreciable oontribution to the measur.d a·o. lesses (se.

Introduotion).

Dielectrio Ce~l

It wu necessary to design a oell in whioh the vaper oentent
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FIGURE 4

Die1ectrio oe11.
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of the oellulose sample oould be systematioally varied.

The arrangement employed (Figure 4) oonsisted of a pair of

concentric Pyrex glass cylinders oonnected a10 a standard-taper ground

glass joint A. On the glass wall at each side of the annular spaoe

three layera of platinum were deposited; these oonatituted the eleotrodes.

Contaot was made to oopper wires B and C on the outside by thin pieces

of platinum sealed in the glass. The eo,per wire C dipped tato meroury

at the bottem of the tube D, the mercury making oontact with the pla-

tinum. .ealed in the glass. Connection to the conditionmg system was

made bath abave and belgw the electrode deposit at E and F in arder 100

accelerate diffusion of vaper throughout the cellulose sample. Four

tiny blobs of glass were sealed bath above and below the eleotrode on

the i..nn.er oylinder 100 serve as spacers for the semple. Two tubes G

and H were 100 make provision for oirculation of thermostatted liquid

through the inner oylinder; no necessity wu found for this applica-

tion of the tubei1.

Suoh cells, in which metal electrodes are deposited on glas.,

...re introduoed by Sayoe and Briseoe in 19'25, and have simee been uaed

with Buceess (5. 12, 58). ' Because of the amall coefficient of thermal

expansion ot glass, cells of this type have no appreoiable temperature

coef'ficient of oapaoity. Thui1, there was effectively no variatien in

capaoitance of' the cell over the SO-degree range covered in this work.

Conneotion ot the oell tO .ach measuring circuit was made by

immersion ot the oopper leada B and C (Figure 4) in meroury contained

in small tubes, te the bottQJD. of which the leada from the measuring air-
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ouit were sealed with Glyptal oement. These leads were two oopper wirea,

l~ in. long B. and S. No. 20 guage , kept about one inch ..part; by threo

narrow pieces of luoite. The connecting meroury tubes wero mountod on

a masonite board whioh also served to support the 0011.

The oel1 was oalibrated with dry bensene at 25.00 C. AssumiJlg

the value of 2.274 for the dieleotrio oonstant of bensene at this tem-

perature (6). the geometric capacitanoe (Cg) was found to be 68.0 !ft.,

while tlw extraneous oapaoitanoe (Co) inc1uding Leads wu 9.7 trf.

In the cas. of the Schering bridge the dielectric constant,

~t2. and dielectrio loss. e '2. were determined by the substitutien

method a8 foll~:

ex - AC (1)-
Dx = .O~.t6D (2)

AC 10
e2 - G:l( .... Co (~ )- o C
{.It _ ~

(4)2 - 6'2 Dx

hC andbD are "the bridge readfngs and Cx and Dx the actual values ot -the

para.llel capaoitanco and diuipation t'actor of the unknown. C' iB the

oapacitanoe reading with 'the unknown diac0rmected. f 0 i& the frequency

setting of 'the range selector switoh, and t the working trequenoy. The

simplioi1iy of equations (1) and (2) resu1ts trom -the fact that in ne

oase in this work was the meuured dissipation factor of the UDknown

greater than 0.1.

In the case of the Twin-T oirouit it W8.B neoessary to correct

the capacitance reading AC for the Lead induotanoe L, in erder to obtain

the true oapacitance Cx• the relation emong which 1s expreased in:
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where ~ iB the ugular trequenoy of measurement. ~ was obbaâned tram

a plot 01' l/AC versus .sf. as 9.9 x 10-7 h. on the basis of wo ind.pen-

dent determinations tor theempty cel1 and for the oel1 fi11ed with

benzene. The value of the interna! lead inductance of the precision een-

denser did not oontribute appreoiably to ~.

Equatio:a. (5) defines the a.irection. factor usooiated with 1;,

as follows:

~ - 1 t ~~AC (6)

V&1ues 01' '6 tor varying b.C at .55 and l Mc. are presented in Table 1.

The U!ÙCIlown oapaoitance was then given bYI

the dielectrio constant being obtained trom Equation (,).

No other oorreotions of this nature were found to be necessary.

The oonduotanoe G was obtained by liIubtraoting from the JMasured value 8.

small amount .qual to the value for the empty celle The dielectric 1088

wu oalculated from this as follows:

é." (8)

where 1'0 i8 the nomina! switoh-position frequenoy and l' the frequenoy

ot me8.surement.
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TABIE l

Correotion Factor -b tor 1ead inductance

70

80

100

110

120

130

140

150

160

170

.55 Mc.

1.001

1.002

1 Mo.

1.003

1

1.004

1.005

1.006

1.007
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Materials

The cellulGse investigated was a semple from Schleicher and

Schuell No. 589 Red Ribbon quantita:tive filter paper ot an extra dense

quality, with a reporled ash content ot 0.001%. Microscopie examinaticm

ot the paper indicated it to be a rag turniah oontaining 15% bast fibre

and 25% ootton. The analysia was as follows:

~-oe11ulose 98.4%

pentosan 1.1%

cupri.t~lene diamine visoosity 15.1 oentipoises

Saturated salt solutions to be used for oonditioning the paper

at different water contents were prepared from the fo11owing reagentsl

1) Lithium ohloride -- Baker '8 Analyzed, C.P. Grade

2) Potassium acetate -- Eimer & .Nnend, C.P. Grade

3) Magnesium chloride - Merck, Reagent Grade

4) Potassium carbonate -- Merck, Reagant Grade

5) Magnesium nitrate -- Merck, Reagent Grade

6) .Ammonium sulphate -- Merck, Reagen"t Grade

1) .Ammonium phosphate -- Merck, Reagent Grade

Absolute ethanol trom the Canadi811 Industrial Alcohol Company,

Limited was dried according to the method ot Lund and Bjerrum (4,). The

reaotion mixture wu uaed as Il source of dry vapor, "the densii;y of the

di81ii11ate at 25.00 i .050 C. be ing .7852 c ompared wi1ih .7850 reported by

Lund and Bjerrum.

The semple of me1ihanol used was dried in the seme way as the

ethenol.
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Method

A simple system shawn in Figure 5 provided the means of equi

librating the paper in the cell at diff'erent vapor contents. The di

electric cell was conneoted at A. B oontained the vapor source, while

the equilibrium vapor pressure was measured to 0.1 mm. with the u-tube

mercury m.anometer C. The vapor oontent in eaoh case was determined ta

less than 0.1 peroent using 8. quartz spiral mounted in the sorptian oell

D. Both oells and the vapor tube were thermostatted at 25.00 ~ .05°C.

iD. the seme water bath E. The buoyanoy of the large sorption oe11 in

the water was counteracted by meroury.

The quartz spiral, having a diameter of' 5/8 inch, was capable

of' supporting 100 mg. with a sensitivity of' trom 0.1 mg. ta 0.01 mg.

The percentage vapor content ot a 103 mg. semple ot paper suspended f'rom

the spiral by a sma11 platinWl1 hook was determined by the corresponding

percentage change in length of' the spiral using a cathetometer reading

to ! 0.03 mm. This corresponded to an error ot less than 0.1 mg.

Hooke ta law waa obeyed within the accuracy of measure:ment over the range

oovered.

The ref"erenoe f'rom. which all measurements were made was the

charly detined bottom of the projeotion at F, while the extension of

the spiral was determined by the position of' the top of the p1atinum hook.

These two readings were always taken for eaoh measurement. The dïffer

ence AI' was -17.68 mm. for the spiral and p1atinum hook, With the dry

paper suspended Ar was 27.60 mm. so that the extension of the spiral

due to the dry paper was 17.68 plus 27.60 equal to 45.28 mm.



FIGURE 5

Cond1t10ning system.
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Water

A strip of paper W8.S tightly wrapped around the i:nner oylinder

ot the dieleotrio oell betw8en the spaoers and held in plaoe by means ot

Glyptal cement. The oell with the paper titting snugly into the annular

spaoe was assembled and conneoted to the conditioning system. through

which it was evaouated with a Cenoo Hyvac pump over a period ot 20 hours

to bring the semple to dryness. The result was dry paper as defined in

this work. although there presumably remained a small residual amount ot

water which required more drastic methods tor removal (33).

As a matter ot taot. it is possible to estimate this residual

trom data obtained by Wahba on the heat of wetting of standard cellulose

(63. 64). During the course ot experiments planned to determine opti

mum oonditions tor drying. it was found that the heat of wetting for

standard oellulose dried in vacuo for 15 hours at 25°C. is 9.7 cals./gm.

dry material. This corresponded to a moisture oontent of 0.4%. which is

probably the value of the residual in the dry semple of this work.

A series of dieleotrie measurements (described be1ow) was then

oarried out.

The cel1 was then reconneoted to the conditioning system and

t1l1ed with Tapor tram the potassium acetate solution. forly-eight hours

being allowed tor equilibrium to be established. At this point the cell

was disconneoted and dieleotrio measurements oarried out as before.

This procedure was then repeated tor each of the other salt solutions.

The criterion for moisture equilibrium of the paper was the oonstancy of

the equilibrium. vapor pressure as well as of the extension ot the quartz



spiral, the paper on whioh was subjeoted to the ss.me experimental oondi-

1;ions of 1iemperature and relative humidi1;y as 1;lle paper in 1;he dieleo1;rio

oeIl.

After equilibration a1; eaoh mois1;ure oon1;en1; a series of di-

eleo1;rio runs was oarried ou1; a1; eaoh of several differen1; frequenoies

o 60over a 1;empera1;ure range of -58 e. 1;0 2 e. The dieleo1;rio oeIl WSB

1mmersed in a dewar flask filled wi1;h toluene. Using a small Variac

oontrolled hea1;er, 1;he temperature was raised 1;0 26°e. a1; 1;he ra1;e of one

degree per minute. After 1;he oeIl was allowed 1;0 oome 1;0 1;hermaJ. equi-

librium, appropriate readings of oapaoitanoe and dieleo1;rio loss were

talcen. The ba1;h was then oooled with dry ioe end readings were taken at

regular intervals at suooessively lower temperatures down to -580 e. For

each reading a oooling period of fram six ta eight minutes was provided,

and an additional ten minutes was aIIowed for the oeIl to reaoh thermal

equilibrium. The temperatures were read on a toluene thermometer, the

iee point of whioh was found to be eorree t within experimental errer.

Atter reaehing the lawest temperature the frequeney W8.S ehanged and sim-

ilar measurements were made at increasing temperatures.

Thus, some of 1;he runs were performed by going up the temper- 1

ature soale, other by goâng down. By determining a oomplete oyole at a

single frequenoy, i1; was shawn that tbere was no temperature hys1;eresis,

i.e., the direotion of 1;emperature change had no effect on the readings

taken. The run performed at the first frequency was always repeated at

the end of the series for a particular vapor oontent, and in al1 oases

was found to be reproducible. Some slight exception to thil generaIi-



zation was tound in the work with methanol end ethenol, and will be des

cribed in the next section.

With dry paper a marked temperature hysteresis was observed.

This rssulted trom the low thermal conductivity in the evacuated celle

When dry nitrogen was admdtted this effeot disappeared without changing

the measured oapaoitance at room temperature. The nitrogen (and in other

instances the water vapor) thus served as the neoessary heat oonductor.

Measurements with the 0811. emptied of paper, and filbd with

water vapor at the highest pressure employed in the work on dielectrio

relaxation showed that the variation ot electrioal propertie. was negli

gible with respect to temperaturs and to water vapor pressure.

Bef'or-e equilibrating the paper in the cells at a given vapor

content. it was necessary to remove from the vapor source 8JJ.y dissolved

gases whioh might he adsorbed by the paper in addition to the vapor in

question. This was accomplished in same cases by simple evaouation, end

in others by a process of repeated freezing. evaouation, and melting. as

dssoribed by Archer (1).

Methanol and Ethanol

In the experiments with methanol and ethanol it was necsssary

to avoid exposure of the stopcocks in 1ibe conditioning sys1iem 1io &loohol

vapors for the lIeeks necessary for a complete run (50). Furthermore,

sinoe methanol (50) and presumably ethanol oannet be oompletely removed

trom oellulose by evaouation at room temperature, it appeared desirable

to use as reterence for the measurements not only the paper in a dry
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oondi1oion bun when oon1oaining 10hese tightly heLd portions of aloohol as

welle The following modifica1oions of 10he above procedure were aooordingly

adop1oed.

Methanol vapor was admi10ted 100 the oondi1oioning sys10em a10 a

pressure of 60 mm. and allowed to remain in con1oao1o wi10h the previously

dried paper for wo hours. The sys10em was then evacuated over a second

period of wo hours. This process was repeated "twioe, 10he final evacua

tion being erlended over a period of 't1relve hours. At 1ohi8 poin1o the

methanol conten1o was 1.7%. Af'ter a series of dielectric measuremen10s was

performed as described above, the paper 'WaS condi1oioned to a me1ohanol

cozrbenb of 2.5% and a :f'urther series of dielectric measurements performed.

The paper was 10hen subjected to a fur10her process of alternate methanol con

ditionings and series of dieleo1oric measurements up 100 a me1ohanol oon-

10ent of 7.0%. Before each oondi1oioning air 'Was admitted 100 the system

100 permit regreasing of stopcooks, a.f'ter 'Whioh evaoua1oion was carried ou1o

over a period of twelve hours, as before. Wi10h one exoep101on, the emount

of t1ghtly bound me1ohanol determined at1;er the evacuation 'WaB always re

produc1ble w110hin experi.mental error.

Atter 10he experimonts on methanol were completed, 1ohi8 res1

dual 'Was removed as follows. Water vapor was admitted to the system at

100% R.R. and allowed to remain in contac1o with the paper for aeveral

hours. The system was 10hen evacuated over a period of 15 hours, 10he

whole prooess being repea10ed once. In 10h18 way 85% of the residual methan

01 was removed, so 1oha1o there remained an amount equa! to 0.2% 'bJr -.eight

of the dry paper ,
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The paper was then conditioned to an ethanol content of 8.5%,

after which dielectric measurements were performed. as usuaï., ETacuation

of the system for six hours left 2.3% residual ethanol none 01' which was

removed after a subsequent evacuation lasting 14 hours. Dielectric mea

surements were perf'ormed at this ethanol content as well as at 4.6 and

6.9% ethenol. Bef'ore each of the latter conditionings, air was admitted

to the system, this being followed by evaouation over a period of' twelve

hours, as in the case of methanol.

Altogether, three semples of paper were empIoyed for the di

electrio measurem.ents in the course of this work. Sample #=1 'WI.S used

for the preliminary measurements on water, #2 for the major wori: on water,

while #=3 was used for the work on methanol and ethanol. The relaxation

data to be discussed later were reproducible, but slight dif'ferences were

found in the absolute values of dielectric constant end 108s. These cm

partly be accouated for on the basis of corre8ponding differenoes in

sample Bize, and will in fact be discussed below in the section on the

analysie of the dielectric. The dimensions of the samples and the di

eleotric cell as wall as the appropriate volume fractions are presented

in Table li. It is observed that the geometrio capacitanc, of the di

eleotrio oell oalculated from the cell dimensions is in goed agreement

with the value determined experimentally•

•
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TABLE II

Sample dimensions and volume fractions in dielectric cell

Sample
=If

Length Width
(ins.) (ine.)

Thickness
(ine.)

Volwae
(oc.)

Weight
(gmJ

Densi:tY Vol. Fraction
(gm/cc.) in cel1

.625

.635

.521 .630

1.202

1.182

.00638.85 2.63

8.883

1

2

Diameter of outer eleotrode
Diamater of inner electrode
Length of OUter electrode
Length of inner electrode

.. do.... di.... 10..- li..

=....
:....

1.051 iu.
.994ins.

2.71 ins •
2.54 iu.

VolUlD8 of interelectrode spaoe : 'ri" li. (do .. di) (do - di)
-r-

: 3.81 co.

(exptl.) :

Geometrio oap. of oell (oalo.) .... 64.4 r,.t·
68.0/i1.
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RESULTS

Water

1) Preliminary

Preliminary results were obtained with a dielectrio oe11 used

previously in this laboratory (25) which had not been designed to be

air-tight. Shitiïs in the position of the dispersion region for identi

oal runs on suooessive days were as high as 2000. At the same time

distortion of the shape of the loss ourve was observed. the magnitude of

the effeot varying from day to day. This was traoed to varying IUllOunts

of moisture oondensing on the bakelite insulation between the condenser

plates during a rune This in turn was oaused by oorresponding oha:ages

in the relative humidity of the air on suooessive days. the best ourves

being obta1ned at lower relative humiditiel. ExperiJ:Dents performed OJl

the empty oell showed tut the maximum variation in lou oould apprGaoh

values observed for the oell filled with paper. The spurious resulta

obtained were at once explained by the change in eleotrioal properties

with moisture oontent of the bakelite insulation as we11 as Qf the

paper itself.

This early work suggested the feasibility of seeking a oorrela

tion between the shift in position of the dispersion region in paper and

the amount of sorbed water it oontained. The air-tight design of the

dieleotrio oell of Figure 4 made it suitable for this purpose. Moreover.

there was no danger of spurious results due to hygrosoopio insulatioa.

as the oondenser plates were positioned solely by the ground-glass joint
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aituated well above the upper boundary of the plates.

Data was obtained at 1000 Kc. for paper containing water ad

sorbed at 9 different relative humidities over the whole range; this il

presented in Figures 611. and b. The dielectric oonstant é'2 is expressed

in terms ot the measured capacitanoe~ AC = 1!> (Coi ~'2 Cg)~ and the di

electric loss in terms ot the a-c. conductance G =~Cg é"2~ the symbols

having the significanoe stated earlier.

As expeoted~ the dispersion region is shitted to lower temper

atures by an increase in relative humidity. The maximum in the 108s

ourve beoomes an inf'leotion point somewbere in ,t he range 45 to 65% R.R ••

and tinally disappears completely~ so that the curve assumes an expoJJ.en

tial torm (Figure 6b). Associated with this is a marked increase in the

slope ot the dielectrio oonstant curve ~ the etfeot being more pronounoed

at higher temperatures.

In fact~ at 97 and 100% R.R. the torm ot this curve is that ot

two straight lines meeting at a point. One might be tempted to assume

that these points ot interseotion represent a phase transition of the

adsorbed water f'ram. ice to water. In such a case one would expect the

intersection to oorrespond to a higber temperature with increase in rela

tive humidity. Since the opposite is~ in taot, the case, one must seek

elsewbere f'or an interpretation of the phenomenon. It one assumes the

sorption process to he one of' solution (see Introduction) and assumes as

well the validity ot the Clausius-Clapeyron equation, then the iee point

f'or adsorbed water occurs belovr the temperature range ot investigation

at relative humidities belaw 45%, the region of' major interest in this
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york (61). In this region then one would not expeot the results to be

oompl1cated by the occurrence of a phase transition of this nature.

If it ia assumed that the fraotional d-c. loss is the seme for

paper as for the compound dielectric studied here it is impossible to

explain the high temperature rise in the lOBS curve in terms of ionio

oonduotance. An appreoiable d-c , contribution to the loss (less than

li% of the total) appears only at a R.H. of 97%, ...hile the high tempera·

ture increase in loss i& observed already at 65% R.H. Resolution of thil

problem on the basis of high temperature dispersion~ likewise impossible

in the present work, since the experimental arrengement ruled out perfor

mance of the neoessary measurements at temperatures higher the.n the range

investigated.

It was interesting to determine experimentally whether the

shift in the position of the dispersion region was a function of m01sture

content or of relative humidity. Resulta on paper oonditioned 80t 45%

R.H. by bath adsorption and desorption are presented in Figures 71. and b.

It is apparent tbat the results are not a function of relative humidity

alone.

The desorption curves correspond to a higher moisture content

than those for adsorption, thi8 being apparent fram the increased dielec

tric constant end lOBS as weIl as the disappearsnce ot the lOBS lIlIl.Xi.muJa.

This points to the moisture oontent as the appropriate Tariable to be

obserTed in the study ot the dispersion region shift. This is in agree

ment with the fact th&t the d-c , resistance of cellulose likewise depends

directly on it8 moisture content (46).



FIGURE 6

a) Eff'eot ot adsorbed water on the die1eotric constant of

paper at 1 Mc.

b) Ettect of' adsorbed water on the die1eetrio 108s of' paper

at 1 Mo.
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The results reviewed above represent the preliminary stage of

this work and in minor respects are sligh1ily in error. For exemple.

aIl the dielectric runs were s1iarted a1i the low temperature end of the

range inves1iiga1ied. The dieleotric properties obtained in thia way were

considerably lower at 1ihe low temperatures 1ihan those obtained by the

improved procedure described earlier. and 1ihe effec1i wu most marked at

lïhe highest moisture oontent. This proved to result from condensation

of water from the paper on to the waHs of the cell as i t was immersed

in 1ihe bath. and yielded spurious results. However. the position of the

108s maximum was unai'feoted by thia effeot, since. at the frequency of

l Mc. employed at that time, the 1iemperature of maximum loss wu pr••um

ably high enough for 1ihe paper already to have oome to equilibrium with

the mois1iure in the cell by the time the maximum in the lOBS curve wu

a1itained.

2) Relults

The water sorption iso1iherm at 25
00.

of the paper used in "this

work is shawn in Table III and Figure 8. The adsorption branoh lies a

little above the corresponding curve of Wahba (64) for standard cellulose

at 300 0. Removal of the residual of 0.4% (see Experimental) fram. tu

s ample of paper used in tbia work would make 1ibis difference more obvioua.

This 1s a good cheok on the method used here for determining sorption.

One would expeo1i the lame sorp1iion isotherm in both oases, since the water

uptake of oellulose has been shawn to be a tunotion of the traction or

amorphoWi substance, which i8 the seme for all forma of native cellulose (33).
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FIGURE 7

a) Etfect of sorption hysteresis on the dieleotrio oonatant

at l Mo. of paper oOllditioned at a relative humidity of'

45%.

b ) Ef'f'ect of' sorption hysteresis on the die1ectric loiS at

1 Mc. of' paper conditioned at a relative humidity ot 45%.
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TABLE III

Water Sorbed
Rel. Vape Pressure par cent of Dry Weight

Adsorption

0.0 0.00

10.9 2.25
24.4 ,.44

,4.4 4.02

46.6 5·'4

58.0 6·'8

95.8 17.&, .

Desorption

52.1 7.49
42.8 6.49
0.0 0.00



FIGURE 8

Water sorpt1on isotherDl of paper at 25.0°0.
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The measured electrical values are expressed iD terms 01' the

dielectrio oonstant aad Loss , f '2 and É:.' '2. of the multiple layers 01'

paper aa arranged in the dielectric celle E.'2 is equivalent to tba terza

"dielectrio value ft employed by Taus z and Rumm (59) and Brown (7). The

expression 01' f'2 and f..' '2 in terms 01' the corresponding values tor the

paper as well as the cellulose tibre i tselt will b e discussed later.

Resulta were obtained tor water contents over the range 0 to

5.3% at trequencies trom 30 to 1000 Kc. These are presented as a tuBotion

01' temperature in Tables lX to VII and Figures 9 and 10. Upon examinatioD.

01' the data oertain salient features are obsened at once.

The temperature coefticient of f'2 ia everywhere positive. At

the same time absorption regions oocur at the temperatur.s Tm where e '2

passes through a ma:xi.mum, (fi '2):ma:x. At a partioular moil~e content.

a deorease in trequenoy causes a shitt 01' Tm to lower temperatures. as

well as a correspoading increase in ('2 at a particular temperature.

These etfects 01' varying trequenoy are shawn tor dry paper in Figure 11,,

and are qualitative indications of dieleotric relaxation due to dipole

orientation acoording to Debye theory (13).

The presence of moisture in the paper produced interesting var

iations in the data. First of a11 one notes the inorease in f'2 otten

observed preTiously (3" 7. 14, 59. 61). Thia tollows logioally fram the

high statio dieleotr10 oonstant of water. 80" oompared with 6 for cell

ulose. In agreement with Veith the etfect is more pronounoed at the

higher temperatures. This is no doubt a refleotion of the presumption

that the maximum effect 1s observed in the case of the statio dieleotrio



TABLE IV

Die1eetric Dispersion of Dry Paper at 1000, 550, 100, 30 and 100 Ke.

1000 Ko. 550 Ke. 100 Ko. 30 Ko. 10 Ke.

6.'2 e'2 Temp. l'2 E.' 12 Temp. E'2 e '2 Temp. é'2 é t12 Temp. é'2 E"2 Temp.

1.322 .0154 26.5 1.266 .0089 -56.0 1.297 .0082 -55.3 1.346 .0047 26.2 1.297 .0108 -55.4 1

1.310 .0160 14.6 1.277 .0106 -42.8 1.286 .0097 -42.1 1.341 .0059 14.3 1.309 .0111 -42.7
~

1

1.301 .0160 4.8 1.286 .0120 -31.6 1.297 .0101 -31.3 1.333 .0071 2.6 1.319 .0102 -31.4

1.291 .0152 -7·7 1.295 .0134 -19.8 1.307 .0109 -20.3 1.326 .0090 -9.2 1.326 .0089 -20·5

1.281 .0140 -19.4 1.304 .0143 -7.3 1.318 .0103 -7.7 1.318.0110 -21.3 1.333 .0076 -8.3

1.274 .0124 -30.6 1.313 .0l44 4.3 1.325 .0093 2.5 1.307 .0114 -32.6 1.341 .0063 4.2

1.264 .0105 -42.9 1.322 .0138 14.8 1.333 .0077 12.7 1.298 .0110 -43.4 1.346 .0043 15.4

1.257 .0084 -56.5 1.331 .0125 26.4 1.339 ·OQ63 22.6 1.286 .0102 -55.7 1.352 .0036 25.7



TABLE V

Diel.o~rio Dispersion of Paper con~aining 3.3% adsorbed wa~er at 1000, 550, 100, 30 and 10 Kc.

1000 Kc.

E'2 é" 2 Temp.

550 Kc.

~'2 ~t2 Temp.

100 Kc.

é.'2 f." 2 Temp.

30 Kc.

€ '2 e '2 Temp.

10 Kc.

E. '2 e '2 Temp.

1.399 .0178 25.6 1.304 .0149 -54.5 1.321 .0139 -55.6 1.435 .0103 25·2 1.352 .0154 -55.4
1

1.387 .0197 13.7 1.318 .0177 -42.7 1.338 .0153 -42.9 1.428 .0099 13.9 1.369 .0149 -43.4 Ut
,0

1

1.372 .0211 2.5 1.335 .0194 -30.9 1.358 .0157 -31.8 1.418 .0107 2.8 1.387 .0134 -31.5

1.362 .0215 -5.2 1.353 .0205 -19.2 1.373 .0147 -21.1 1.409 .0123 -8.2 1.402 .0117 -20.3

1.352 .0218 -13.6 1.370 .0201 -7.8 1.388 .0135 -10.0 1.397 .0138 -18.6 1.412 .0105 -9.6

1.342 .0213 -20.7 1.384 .0186 3.2 1.400 .0118 0.5 1.381 .0154 -30.8 1.422 .0099 0.8

1.328 .0204 -31.6 1.399 .0166 14.0 1-411 .0102 10.7 1.362 .0169 -43.6 1.429 .0094 11.6

1.312 .0178 -43.9 1.407 .0151 24.3 1.418 .0093 19.4 1.341 .0165 -56.0 1.439 .0100 22.8

1.294 .0150 -55.8
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TABLE VI

Die1ectric Dispersion or Paper oontaining 4.0%~orbed water

at 1000 Ka.

1000 Ka.

é"2 Temp.

1.420 .0202 20.1

1.401 .0216 9.0

1.396 .0227 -0.1

1·381 .0233 -11.1

1.368 .0233 -19.1

1·353 .0230 -29.5

1.336 .0211 -41.1

1.316 .0190 -55·1



TABLE VII

Dieleotrio Dispersion of Paper oon~aining 5.3% adsorbed wa~er a~ 1000, 100, 30 and 10 Ko.

1000 Ka. 100 Kc. 30 Ko. 10 Ko.

t. '2 ~' '2 Temp. é.'2 6' '2 Temp. (. '2 E.' '2 Temp. é:'2 ~"2 Temp.

1.453 .0234 20.4 1.363 .01gr -56.0 1.390 .0209 -56.5 1.534 .0349 29.0

1.444 .0241 10.2 1·391 .0201 -43.4 1.416 .0206 -43.6 1.516 .0269 18.5
\ri

1.427 .0250 -1.0 1.424- .0189 -'4.4 1.440 .0186 -31.0 1.501 .0216 re
7.7 1

1.412 .0260 -12.6 1.447 .0169 -11.3 1.459 .0171 -18.6 1.487 .0177 -3.1

1.403 .0262 -22.6 1.462 .0161 -0.2 1.473 .0167 -6.9 1.473 .0161 -13·7

1.373 .0258 -34.8 1.473 .0162 9.4 1.485 .0183 3·8 1.461 .0156 -24.2

1.349 .0243 -46.4 1.482 .0173 19.0 1.499 .0203 14.2 1.~ .0165 -34.6

1.332 .0225 -55.2 1.493 .0196 28.4 1·511 .0243 23·8 1.424 .0182 -46.5

1·521 .0283 31.2 1.403 .0188 -56.3
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FIGURE 9

Die1eotrio dispersion at l Mc., 0.55 Mc., and 100 Ko. of paper

co~taining adsorbed water at the insoribed percentages.
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FIGURE 10

Dielectric dispersion at 30 and 10 Kc. of paper oontain

ing adsorbed water at the inscribed percentages.

FIGURE 11

Dieleotric dispersion of dry paper at the inscribed fre

queneiea.
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eonstent.

A glanee at tables of refractive index and low frequenoy di-

eleotrie constant show muoh smaller absolute differenoes in the for.mer

case than in the latter~ espeoially when one ia considering polar li-

quids like water. (The former case corresponds in general to differenoes

in optioal dieleotrio ~onstant~ the relationship being

where n i8 the refractive index.) This i8 beoause dipole orientation i8

involved in the measurement of éo but net in the measurement ot ~ OC).

Thus~ at temperatures belaw the dispersion region~ the effeot of water

on the dieleotrio constant of cellulose will be slight beoause only é 00

ia iavolved. At temperatures above the dispersion region, on the other

hand~ the ett.ct il considerably greater because one is na. conoerned with

values ot é o•

At the same tiJae moisture causes a distinct inorease in (e '2)m.ax.

This 18 presumably a result of the inorease in ooncentration ot rotating

hydroxyl groups oontributed by the water. A similar effect bas been ob

served in the case of terylene (48), whioh, like cellulose, has hydroxyl

groups responsible for dielectrio dispersion at charaoteristio frequeu-

cies and temperatures.

Probably the most signific811t f'eature ot the results 18 the

shitt ot Tm toward lower temperatures by an inorease in moisture content.

This is shawn in Table iViIÏ together with the corresponding variation

in (E' '2 )ma:l The etfect is similar to that produced by a l.awering in the
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frequency of measurement. Thus, an increase in moisture content lowers

the temperature at which the rotating dipoles Lose their ability to fol

low the field, signifying a deczeaae in the restriction to rotation. A

similar effeot, observed previously in severa! other systems (11, 22, 52),

was mentioned in the Introduotion. Tm for dry paper at 1 Mc. was 1000.,

compared with 16°0. determined from stoops 1 data for dry cellophane at

the swne frequency (57). The differenoe may be acoounted for on the

basia of the residual moisture in the dry paper as defined iD. this work.

stoops having dried his semple by heating at 10500.

The high temperature inorease iJl f:.' 12 ebeerved at the lower

frequencies and the higher moisture oontents has already been mentioned

in the review of the preliminary results. The additional effect of·fre

quency observed here still doea not point to its origin as either in

iOl.l.io oonductance or in a high temperature absorption region. This i8

easilyseen by reasoning as followsl If the effeot has its origin in

high temperature absorption due to dipole orientation, then a decrease

in the frequenoy of measurement ought to shift the absorption region to

lower temperatures. Ionie conductance as well will manifeat itaelt at

lower temperatures the lower the frequency of measurement. Thus, unles8

the tempera.ture(or frequency, or both) range of investigation ia wide

enough, it ia diffioult to distinguish between the two effects, as ia the

case in this work.

Methanol and Ethanol

Resulta were obtained for methe.nol contents of 0.0 to 7.0% at
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100, 200. 550. and 1000 Ke•• and are presented in Tables VIII to XIII.

The effeet of methanol on the dispersion region studied here was typically

the seme as observed for water, although there were signifieant differ

ences in degree in seme iJl.stanees. E.g•• the rate of increase ofeE, '2~

with vapor cOntent at a partieular frequency was significantly smaller

for methanol than for water. This is to be expecbed on the bas is of the

assumption that the dispersion region i8 due to hydroxyl groups. sinoe

there are fewer groups per gram of methanol than per gram. of water. Thi.

point will be further dâ.acuased later. The seme effect wu observed for

the rate of inerease of E '2 with vapor content at a partieular temperature

and f'requency. the rate being higher for water th&m for methanol. The

high temperature rise in E.' '2 appeared at a higher vapor oontent in the

case of methanol than in that of water. This il apparent in the less

curves at 100 Kc. for the ua cases (Figures 9 and 12a). The compara

tive effect of the two vapors in shifting the position of the dispersio!1

region will be discussed in a later section.

In the m.eantime there appears in the 108s curves for methanol

a ch8racteristic break between -20 and _IOoe. not obsorved at all in the

eurves for water. The effeet beeomes more marked at higher methano1 con

tents; this is observed in Figure 12a showing the resu1ts at 100 Ke.

There is no corresponding break in the dielectric constant curves , Fur

thermore. the effect appears only in the cases where the runs were per

formed by cooling. Thus. at 200 Kc•• where the runs were performed by

heating. the effect does not appear. This i8 likewise the case where Tm

oceurs in or near the temperature range of break. as in the runs &1; 550
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FIGURE 12

a) Dieleotrio lOBS at 100 Kc. of paper oontaining adsorbed

methanol at the insoribed peroentages.

b) Dielectric constant at 100 Kc. of paper oontaining adsorbed

methanol at the insoribed percentages.
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TABLE VIII

Dieleotrio Dispersion of Paper oontaining 1.7% adsorbed methanol at 10~ 550, 200 and 100 Kc.

1000 Ka. 550 Ko. 200 Ko. 100 Kc.

E'2 E"2 Temp. t '2 ("2 Temp. E.'2 E."2 Temp. E '2 E.' '2 Temp.

1·272 .0110 -57.2 1.278 .0103 -56.5 1.290 .0094 "57.6 1.291 .0101 "57.2
1

1.280 .0129 ,,46.4 1.288 .0121 -45.2 1·302 .0105 -46.6 1.302 .0112 -47.3 \J1
\0

1.288 .0147 "35.2 1.300 .0138 -33.4 1.312 .0118 -35.5 1.312 .0120 "36.3
1

1.300 .0164 ,,22.6 1.310 .0151 -21.4 1.324 .0126 -23·2 1.325 .0119 -24.5

1.310 .0178 -10.6 1·322 .0158 -8.5 1.336 .0121 -11.4 1.336 .0111 -13·0

1·322 .0185 0.7 1.334 .0152 3·2 1.346 .0111 -0.4 1.344 .0100 -2.6

1.334 .0180 13·3 1.347 .0138 15.5 1·355 .0095 9.8 1·352 .0084 7.2

1.344 .0165 24.6 1·355 .0125 25.7 1·361 .0079 19.5 1.359 .0068 17.6

1.366 .0069 28.7 1.365 .0058 26.8



TABLE IX

Diel.atria Dispersion of Paper oontaining 2.5% adsorbed m8thanol at 1000. 550, 200 and 100 Ka.

1000 Ka.

t:. '2 t:. ' ,2 T8mp •

550 Ko.

f '2 é " 2 Temp.

200 Kc.

é '2 E. ' ,2 Temp.

100 Ko.

~'2 ~f f 2 Temp.

1.280 .0122 -57·2 1.362 .0134 19.4 1·3°0 .0120 -56.3 1.372 .0071 19.3 1

0'
1.288 .0144 -46.2 1.352 .0151 8.7 1.310 .0131 -46.2 1.365 .0087 8.4 0

1

1·300 .0164 -35.2 1.341 .01éq -2.0 1.321 .0l42 -36.4 1.358 .0108 -2.2 .

1.312 .0178 -24.3 1·331 .0171 -12.6 1.333 .0J.44 -25.3 1·350 .0129 -12.4

1.324 .0187 -13.1 1·319 .0166 -23.3 1·3~ .0139 -14.5 1·338 .0132 -23.7

1.334 .0187 -1.7 1·309 .0154 -34.6 1.355 .0132 -2.4 1.327 .0135 -34.0

1.346 .0185 8.6 1.299 .0138 -45.2 1.364 .0111 7.9 1.316 .0132 -43.7

1.353 .0173 18.5 1.288 .0116 -58.0 1.371 .0095 18.4 1.310 .0128 -49.0

1.364 .0162 28.2 1.377 .0082 27.3 1.302 .0120 -56.7
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TABLE X

Die1.o~rio Dispersion ot Paper oontaining 3.2% adsorbed methano1 at 1000, 550, 200 and 100 Ko.

1000 Ka.

6 '2 E."2 Temp.

550 Ka.

~ '2 ~"2 Temp •

200 Ka.

~ '2 ("2 Temp.

100 Ka.

~ '2 f.' '2 Temp.

1.291 •0145 -56.4 1.375 .0137 19.4 1·309 .0128 -56.7 1.384 .0071 19.5
1

1.300 .0166 -45.6 1.368 .0153 9.6 1.324 .0144 -44.7 1.380 .0084 9.2 0'....
1.310 .0180 -35·8 1·358 .0169 -0.6 1.336 .0150 -34.8 1·372 .0105 -1.2 1

1.322 .0194 -25.5 1.347 .0179 -11.3 1.347 .0150 -24.4 1.365 .0126 -ll.l

1.334 .0201 -14.7 1.336 .0178 -22.2 1.358 .0140 -14.9 1.353 .0133 -21.6

1.347 .020:J, -3·7 1.324 .0170 -31.6 1.368 .0129 -4.6 1.344 .0138 -29.6

1·358 .0194 6.3 1.315 .0160 -40.1 1·377 .0113 4.9 1.333 .0142 -39.5

1.368 .0183 17.2 1.306 .0146 -48.7 1.384 .0097 16.4 1·322 .0136 -47.9

1·375 .0167 26..7 1.299 .0130 -57.0 1.390 .0079 2:7.3 1·310 .0127 -57·3



TABLE XI

Dieleotrio Dispersion of Paper oontaining 3.9% adsorbed methanol at l000~ 550~ 200 and 100 Ko.

1000 Ko. 550 Ka. 200 Ka. 100 Ka.

t.-'2 t..-' '2 Temp. ~'2 É.."2 Temp. e '2 e: '2 Temp. ~'2 ~' '2 Temp.

1.297 .0156 -r;)l.0 1.386 .0J.44 16.7 1.319 .0136 -56.7 1.399 .0072 1.9.4

1.310 .0180 -43.' .1·377 .0164 6.5 1.334 .0141 -46.2 1·393 .0086 9.3 •
-34.4 1·368 1.347 -36.3 1.386 -0.6

R;'
1.321 .0199 .0178 -2.0 .0155 .0105

1.333 .0207 -25·2 1·359 .0186 -10.5 1·359 .0153 -26.5 1·378 .0124 -10.5

1.3!J4 .0212 -15.8 1.350 .0190 -18.4 1.369 .0142 -11.1 1.369 .0133 -19.5

1.355 .0213 -7·1 1.343 .0188 -26.9 1.381 .0134 -6.7 1.361 .0142 -28.9

1.364 .0208 1.2 1.333 .0181 -34.8 1·388 .0115 3·5 1.352 . •0146 -36.4

1.371 .0199 10.2 1·325 .0174 -42.5 1.396 .0103 12.5 1.343 .0141 -43.0

1.380 .0187 18.7 1·315 .0161 -50.3 1·399 .0087 20.5 1.334 .0144 -49.7

1.386 .0176 26., 1·308 .0Jla -58.0 1.403 .0016 28.8 1.324 .0136 -57.8



TABLE XII

Dielectric Diapersion or Paper aon"taining 5.4% adsorbed methanol at 1000, 550, 200 and 100 Ka.

1000 Ko.

~ '2 é,.' '2 Temp.

550 Kc.

(.. '2 6."2 Temp •

200 Ka.

e '2 G..' '2 Temp.

100 Ko.

é:.. '2 ~"2 Temp.

1.321 .0191 -56.8 1.418 .0152 18.4 1.344 .0160 -57.3 1.430 .0103 19.5

1.328 .0204 -49.6 1.408 .0167 9.6 1.361 .0169 -46.7 1.425 .0107 9.4 1

$
1·339 .0215 -42.2 1.399 .0188 -0.2 1.372 .0169 -39.4 1.419 .0124 0.1 1

1.350 .0224 -33.6 1.390 .0200 -8.4 1·383 .0165 -31.2 1.414 .0141 -9.4

1.361 .0226 -26.2 1·383 .0210 -15.7 1.392 .0158 -24.3 1.403 .0142 -19·3

1.369 .0226 -19.7 1.374 .0211 -22.4 1.403 .0147 -13.8 1.394 .0154 -27.1

1·380 .0225 -11·3 1.366 .0212 -28.6 1.412 .0140 -4.2 1.384 .0162 -35.0

1.390 .0220 -3.7 1.359 .0212 -35.1 1.419 .0127 5.8 1.375 .0166 -41.4

1·399 .0213 4.7 1.352 .0207 -42.1 1.425 .0108 16.3 1.366 .0167 -47.6

1.406 .0199 14.0 1.341 .0199 -49.2 1.428 .0100 25.2 1.358 .0166 -53.4

1.412 .0183 24.4 1.330 .Q188 -58.0 1.350 .0162 -58.0



TABLE XIII

Di.l.o~rio Dispersion or Paper contàining 7.0% adsorbed me~hanol a~ 1000, 550, 200 and 100 Kc.

1000 Kc. 550 Kc. 200 Ko. 100 Ko.

L '2 ~2 Temp. ~'2 L"2 Temp. ~ '2 É;." Temp. ~'2 6"2 Temp.- 2

1.356 .0235 -57·5 1.452 .0202 19.7 1..386 .0205 -56.6 1.475 .0208 17.7

1.368 .0246 -49.6 1.444 .0206 11·3 1.396 .0206 -51.1 1.472 .0196 9.8

1.437 1.6 1.405 -45·4
~

1·380 .0250 -43.3 .0212 .0209 1.466 .0185 1.7 1

1.388 .0255 -37.4 1.428 .0218 -6.6 1.414 .0205 -40.0 1.459 .0182 -6.8

1.400 .0258 -29.9 1.422 .0223 -13.6 1.424 .0200 -33.4 1.452 .0182 -15.2

1.411 .0254 -22.4 1.415 .0226 -20.2 1.433 .0195 -27.2 1.443 .0182 -23.3

1.421 .0248 -15·0 1.405 .0230 -'Zl.5 1.442 .0190 -19.7 1.434 .0186 -30.5

1.430 .0246 -6.7 1.394 .0232 -34.7 1.450 .0188 -12.2 1.425 .0191 -36.6

1.440 .0238 3.5 1.387 .0232 -40.6 1.459 .0188 -2.0 1.419 .0194 -40.4

1.1-146 .0230 13.4 1.378 .0229 -46.2 1.465 .0188 6.6 1.412 .0196 -45.3

1.450 .0222 22·5 1.312 .0226 -51.0 1.469 .0189 16.4 1.405 .0196 -49.6

1.452 .0219 27.9 1.361 .0219 -58.3 1.414 .0196 26.6 1.399 .0196 -53.6

1·392 .0196 -58.0
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and 1000 Kc. (see Table XIX).

Results were obtained for ethanol contents of 0.0 to 8.5%

at 100, 200# 550 and 1000 Kc. and are presented in Tables XIV to XVII.

After completion of the runs o:a. paper containing 8.5% ethanol# it wu

decided that eaeh subsequent run should be performed over a oomplete

temperature cycle in order to determine the existence and the nature ot

the eftect described above tor methanol. The results at 100 Kc. for

paper containing 4.6% ethanol are shawn in Figure 13 and are believed

to represent this effect in a typical fashion. It is shawn to be a bys

teresis of some kind occurring over the temperature range - 20 to 200 e. ;

the break in the curve obtained by cooling oceurs in the range -20 to -10
0 e.

as with methanol. Also as in the case with methanol there is no corres

ponding irregularity in the ~ 12 curves. If the effect were due to some

second-order phase transition# the hysteresis could be explained# al-

though there ils no reason why this should not alao appear in the é.1
2

OurTes. The facts point to its occurring over the same temperature range

in the case of both methanol and ethanol; this may signity some etfeot

which both substances have on cellulose.

In other respeets# the results for ethanol stood in the same

relation to thoee for methanol as the latter did to those for water. No

high temperature increase in t:.- I 12 was observed in any of the ethanol our

ves. The variation of Tm and «(1 12 )max with vapor ocmtent in the three

oases il shOWll in Tables XVIII to XX. It was t'ound that when (loi'2)max

wu plotted against vapor cOJltent the plots were linear within experi

mental error; f'urthermore. there was a characteristic slope tor each



TABLE XIV

Dielectric Dispersion of Paper cantaining 2.3% adsorbed ethano1 at 1000, 550, 200 and 100 Ko.

1000 Kc. 550 Ka. 200 Ko. 100 Ka.

t '2 €..' '2 Temp. 6'2 ~"2 Temp. 6'2 é:.' '2 Temp. ~ '2 6:.' '2 Temp.

1.280 .0121 -57·3 1.287 .0117 -57.2 1.299 .0115 -56.4 1.302 .0120 -57.6

1.286 .0140 -49.0 1.296 .0131 -49.6 1.308 .0126 -48.6 1·310 .0131 -48.8
1

1.294 .0159 -40.0 1.302 .0145 -41.6 1·315 · .0136 -41.2 1.319 .0138 -41.2 ~
•

1.3°3 .0178 -30.8 1.310 .0158 -33.4 1.324 •0144 -32.8 1.33° .0139 -32·5

1·312 .0187 -22.3 1.319 .0168 -24.6 1.334 .0l44 -24.0 1.340 .0135 -22.9

1.321 .0196 -13·2 1.327 .0172 -16.4 1.343 .0l42 -15.3 1.347 .0126 -14.6

1·328 .0199 -4.5 1.336 .0172 -8.6 1.352 .0132 -6.6 1.355 .0118 -6.6

1.331 .0194 "3.4 1.344 .0167 0.2 1.359 .0124 1.9 1.362 .0112 1.6

1.346 .0190 12.2 1.352 .0153 10.3 1.365 .0103 11.3 1.368 .0096 10.8

1.353 .0178 21.3 1.361 .0135 20.4 1.371 .0090 20.1 1.372 .0075 19.0

1.359 .0169 26.8 1·377 .0072 28.7 1.315 .0064 25.6



TABLE XV

Di.leotrio Dispersion ot Paper oontaining 4.6% adsorbed ethano1 at 1000. 200 and 100 Ko.

1000 Ko. 200 Kc. 100 Ko.

~t2 r::.' '2 Temp. e '2 e!"2 Temp. ~ '2 ~"2 Temp.
-

1.374 .0117 23·3 1.388 .0079 23·9 1.388 .0059 25.2
1

1.365 .0187 14.8 1.384 .0091 15.0 1.384 .0074 16.4 $

1.356 .0199 ,.6 1.378 .0121 6.0 1·380 .0092 8.4 1

1.349 .0207 -3.4 1.371 .0142 -2.6 1.375 .0122 0.0

1·338 .0210 -12•.3 1.364 .0150 -10.8 1.368 .0133 -8.7

1.330 .0208 -21.2 1.355 .0155 -19·3 1.361 .0134 -16.9

. 1.,21 .0~99 -29.3 1.346 .0158 -28.2 1.,52 .0142 -25.2
.

1·312 .0187 -31.4 1.336 .0158 -,6.7 1.,4, .0150 -33.4

1.,00 .0111 -46.3 1.325 .0152 -44.8 1·334 .0151 -41.3

1.29(> .0146 -56.7 1·318 .0147 -50·5 1.322 .0147 -49.7

1·300 .0166 -47.6 1.,10 .0134 -57.2 1.312 .0137 -57.4



TABlE XV (Cont 'd.)

Die1eotrio Dispersion of Paper oontaining 4.6% adsorbed ethanol at 1000, 200 and 100 Ko •
•

1000 Ko.

~ '2 ~"2 Temp.

200 Kc.

~ '2 ~"2 Temp.

100 Kc.

É. '2 e:'2 Temp •

1.~08 .0183 -40.6 1.~22 .0152 -47.7 1.322 .0147 -51.1
•

1.316 .01W -31.5 1.~~1 .01W -39.7 1.~~~ .015~ -4~.1 s
1

1.~28 .0206 -22.6 1.~44 .016~ -29.5 1.~41 .0152 -~4.7

1.~37 .0213 -14.3 1.355 .0158 -21.4 1.~53 .0146 -25.1

1.~46 .0211 -5.2 1.~64 .015~ -1~.2 1.~62 .01~4 -16.3

1.~55 .0204 4.8 1·~71 .0J.42 -~.6 1.~69 .0121 -7.6

1.364 .0195 13.~ 1.378 .0134 5.4 1.~75 .0114 0.6

1.372 .0178 22.6 1.384 .0115 14.7 1.~83 .0106 10.~

1.390 .0089 24.5 1.386 .0074 19.8



TABLE XVI

D1e1eotrio Dispersion of Paper oontaining 6.9% adsorbed ethano1 at 1000, 200 and 100 Ka.

1000 Kc. 200 Kc. 100 Ka.

~ '2 l." 2 Temp. l.'2 f-"2 Temp. é. '2 e: '2 Temp.

1.386 .0173 25.8 1.402 .0084 24.5 1.400 .0058 25.6

1·377 .0190 16.3 1.397 .0100 15.4 1.399 .0075 16.8
1

1.371 .0208 7.6 1.393 .0131 6.7 1.394 .0107 8.3 $
1·362 .0218 -1.2 1.386 .0150 -2.4 1.390 .0125 -0.8

1

1.352 .0221 -10.4 1.378 .0157 -10.8 1.383 •0136 -9.7

1.341 .0220 -18.8 1.369 .0161 -18.7 1.374 .0137 -18.8

1.333 .0215 -26.8 1.359 .0168 -26.5 1.365 .olla -26.5

1.322 .0208 -34.5 1.350 .0171 -34.5 1.356 .0156 -34.6

1·315 .0199 -42.3 1.340 .0166 -42.4 1.346 .0160 -43·3

1.306 .0180 -50.4 1.328 .0163 -50.0 1.336 ,0159 -49.7



TABLE XVI (Cont'd.)

Dieleotric Dispersion of Paper aontaining 6.9% adsorbed ethanol at 1000. 200 and 100 Ka.

1000 "Kc. 200 Ka. 100 Ka.

~ '2 '=.."2 Temp. ~'2 '=.."2 Temp. ~'2 ~' '2 Temp.

1.297 .0164 -57.8 1.318 .0149 -58.2 1·325 .0151 -57.5

1.306 .0178 -50.7 1.331 .0165 -50.1 1.336 .0159 -50.0

1.315 .0194 -43.6 1.340 .0171 -43.0 1.343 .0161 -43.8 1
-..:J

-34.5 .0174 -34.7 ..0162 -36.6
0

1.325 .0208 1·352 1·353 •
1.337 .0218 -25.2 1.362 .0169 -25.7 1.364 .0154 -28.1

1.347 .0225 -15·7 1.374 .0164 -17·5 1.374 .0143 -19.7

1.359 .0222 -5·7 1·383 .0152 -7.4 1.383 •0130 -10.2

1·371 .0214 4.5 1.392 .0J.44 2.3 1.388 .0121 -1.7

1.380 .019.1 15.2 1·397 .0129 11..5 1.394 .0122 5.8

1.387 .0176 26.2 1.402 .0195 22.5 1.399 .0113 15.5

1.402 .0074 24.6



TABLE XVII

Dieleo~rio Dispersion of Paper oontaining 8.5% adsorbed ethaDol at 10oo~ 550~ 200 and 100 Ka.

1000 Ka. 550 Ka. 200 Ka. 100 Ka.

~' 6,' '2 Temp. é. '2 f." 2 Temp. L' ~.. Temp. ~ '2 ~ .. Temp._2 2 2 - 2

1.409 .0183 20.8 1.415 .0133 24.3 1.340 .0163 -56.8 1.424- .0074 23·9

1.400 .0197 12.4 1.409 .0151 15.6 1·353 .0176 -49.0 1.421 .0082 15.8

1·394 .0211 3.9 1.402 .0170 7.3 1.364 .0179 -41.8 1.418 .0091 7.5
1

1·386 .0222 -4.7 1.394 .0187 -1.2 1.375 .0177 -33.6 1.414 .0109 -0.5
-J....

1.377 .0230 -12.8 1.387 .0204 -10.0 1·387 •0168 -25.0 1.408 .0130 -8.5

1.366 .0230 -20.5 1.377 .0210 -18.3 1.397 .0155 -16.4 1.400 .0146 -17.2

1..356 .0228 -29.4 1.366 .0214 -26.3 1.406 .0145 -8.2 1·390 .0153 -25·3

1.344 .0220 -37.7 1.356 .0214 -33.7 1.414 .0129 0.8 1·380 .0164 -33.5

1.334 .0205 -46.7 1.344 .0209 -41.6 1.419 .0108 10.5 1.369 .0168 -41.3

1.321 .0185 -56.3 1.334 .0197 -49.5 1.424 .0095 19.8 1.358 .0169 -49.8

1.324 .0183 -56.8 1.425 .0084 26.6 1.346 .0165 -57·7



- 72 -

FIGURE 13

Die1eotrio dispersion at 100 Ko. of paper oontaining 4.6%

.adsorbed etheno1.
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vapor, the 88JnO value being obtained at eaoh of the frequenoies used,

The best lines in each case are shawn in Figure 14. The slope of each

line signifies the inorease in 108s due to one gram of added vapor.

Expression of thia increase in terms of added hydroxyl groups ought to

be a good test of the assumption that the dispersion region here studied

illl due to these groups. In Table XXIa the increase in loss due to one

gram of hydroxyl is shovm for eaoh case. The agreement is surpriaiag

wben one oonsiders that the logical basia for comparison should be the

area under the ~"2 CurTes rather than U:.' '2)max' since in all proba

bility a distribution of relaxation times is involved. Extension of the

temperature range of investigation here employed ought to make suoh com.

parisoD possible.

This is more readily seen by considering similar calculations

made for terylene, a polyester which, like oellulose, is cbaracterized

by a dispersion region attributable to hydroxyl groups (48). Terylene

i& normally 40% crystalline, but can be obtained as a canpletely amor

phous material. Dielectric data were obtained for bath forma in the dry

as well as in the wet st..te. The evidence shows that water is absorbed

by the amorphous polymer, or in1io the amorphous regions of the partially

crystalline material, as in the case of cellulose. Also, it is only in

the amorphous regions that the dieleotrio prooess operates which i8 res

ponsible for the losses. Although these losses are different for the

tyo forms, one would expect the Lesa per gram of added water (or per hy

droxyl group) to be the seme. Equivalent expressions for this param.eter

are presented in Table XXIb. Calculation directly from ~ 'max gins
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FIGURE 14

Ef'tect ot vapor content on ( ~"2 )max-
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resultlil deviatug f'rom the average by 5.8% while the deviation obtained

by using as criterion the area under the e' curve is only 3%.

Sillars, as quoted by Reddish (48), f'ound that the area under

6' '-a f' ourves ia in the seme relation to the number of' dipoles and

their moment whatever the distribution of relaxation times. In an ideal

case where a single relaxation time is involved this area is lré," so
max

that e'max can be regarded as a direot measure of the number of dipoles.

However, when there i8 a spread of relaxation times, this is no longer

the case, end one must then resort to measurement of areas.

It JlU8t be kept in mind that in Table XXIa the lOBS Ls expres-

sed in terms of' the compound dieleotrie oellulose-vaper -- vapor, as

defined in the Analysia of' Dieleetric, while in Table XXIb the 108s i&

a direct property of terylene. Comparison of the measurements for the

t'Wo polym.ers is therefore di.t'fioult \mder th6se oonditions, but can be

attempted in an approximate msnner as shawn in the Discussion.
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TABLE XVIII

Variation of Tm and (~tt2)max with amount of water adsorbed.

Frequenoy Rel. vape press.
(Kc.)

Water adsorbed: per
cent of dry 'Hight

Litmax

1000 0.0 0.0 .0160 10

22.; ;.; .0218 -12

;2.4 4.0 .02;; -17

46.6 5.; .0262 -21

550 0.0 0.0 .0J.44 0

22.; ;.; .0205 -17

46.6 5.;

100 0.0 0.0 .0109 -24
22.; ;.; .0157 -;5

46.6 5·3 .0201 -47

;0 0.0 0.0 .0114 -,6

22.; ;.; .0169 -48

46.6 5.3 - -
10 0.0 0.0 .0111 -48

22.; ;.; -
46.6 5.;
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TABLE XIX

Variation of Tm. end (6' '2)max with amount of mathe.nol adsorbed

Frequenoy Rel. Tap. press. Metheno1 sorbed~per (é.~~e.x Tm(oC.)
(Ka. ) oent of dry weight

1000 0.0 1.7 .0185 0
9.6 2·5 .0187 -7

19·3 3·2 .0201 -10
32.1 3.9 .0213 -13
57.1 5.4 .0226 -21
75.5 7.0 .0258 -28

550 0.0 1.7 .0158 -8
9.6 2.5 .0171 -15

19.3 3·2 .0179 -16
32.1 3.9 .0190 -19
57·1 5.4 .0212 -26
75.5 7.0 .0232 -35

200 0.0 1.7 .0126 -20
9.6 2·5 .0l44 -27

19.3 3·2 .0150 -31
32.1 3·9 .0155 -32
57.1 5.4 .0169 -41
75·5 7.0 .0209 -47

100 0.0 1.7 .0120 -30
9.6 2.5 .0135 -34

19.3 3·2 .0l42 -37
32.1 3.9 .0147 -41
57.1 5.4 .0167 -47
75.5 7.0
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TABLE XX

Variation of ~ and (~f12)max with amount of eth.enol adsorbed

Frequency Rel. vap. press. Ethanol sorbed:per (é.~ Tm.(oC.)
(Kc.) cent of dry weight

1000 0.0 2·3 .0198 -5
23·1 4.6 .0210 -12
40.0 6.9 .0222 -13
65.1 8.5 .0231 -21

550 0.0 2·3 .0112 -13
23.1 4.6
40.0 6.9
65.1 8.5 .0214 -30

200 0.0 2.3 .0l44 -25
23·7 4.6 .0160 -32
40.0 6.9 .0112 -35
65.1 8.5 .0179 -40

100 0.0 2·3 .0140 -33
23·1 4.6 .01;1 -39
40.0 6.9 .0161 -~
65.1 8.5 .0110 -47
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TABLE XXIa.

Increase in (e'2)m.ax for oellulose due to the hydroxyl groups

ot the adsorbed vapor.

Loss De~ Moleoular Lou De~
Vapor adsorbed per g. tram wt. of per g. trom

vapor avg.(%) vapor OH avg.~)

Water .00188 48 18 .0020 0

Methanol .00140 10 32 .0026 30

Ethanol .00052 59 4b .0014 30

TABLE XXIb

Increase in losses for terylene due te adsorbed water vapor

% E.." Area under Ch811ge in Change in
Material Adsorbed at max é" - ln!' é' 'max per area per

water OoC. ourve at gm. added gm. added
oOe.

~o ~o

0.04J. 00418 }
" deyn %dert

Crystalline 0.00 t'rom from.
.0409 avg. .418 avg.

Crysta1l1ne 0.44 0.059 0.602
5·8 3.0

Amerphous 0.00 0.067 0.706 }
.0460 .394

Amorphous 0.64 0.096 0.958

Source of data (48)



- 80 -

DISCUSSION OF RESULTS

A series of experiments was perfor.med over a trequenoy range

ot ,30 to 1000 Ko. and temperature range of -58 to 26°c. The dielectrio

was a oompound one oonsisting of a paper made of pure oellulose oontain

ing varying emounts ot adsorbed vapor, and the vapor itself at varyillg

pressure. A dispersion region was found for dry paper oorresponding to

that preTiously disoovered for dry oellophane, a regenerated form of

oellulose. It was found as well that adsorbed water, methanol and ethanol

oause this dispersion region to be shifted in a systematic way.

Analysis of Dielectric

The arrangement in the experimental condenser wu that of

layera of paper alternating with layers of vapor, the layers being paral

lel to one another and to the electrodes. If a cross-seotion of the

cell is teken perpendioular to the layers, the arrangement i8 a spiral

one as shawn in Figure 15a.

The dielectrio constant and 1088 of this oompound dieleotrio

are referred to as 6'2 and e '2' respectively. Following is a methed of

caloulating tram. these measured values the corresponding ones é'l and

6" l for the paper i tse1f, and finally, €:..' for pure native oellulose.

For the calculation of el .and L' '1 a model wu chosen of n

layera or paper alternating with (n of 1) layera of vapor, as shawn in

Figure l5b. Cl is the capaoitanee of the vapor layer (assumed to be a

pure capaoitance), 'While 02 and G2 are the parallel capacitanoe and con-



- 81 -

ductanoe for a single layer of paper. Cp and G
p

represent the measured

capacitance and conductance. It is assumed that G22« .2C22, so that all

powers of G2 higher th8n the square can be neglected. An equivalent con

dition i8 that (E,'i)2« (f t
1 )2 . This is true to within less than 0.1%

for the data of Table nII, and oonsequently for the major part of thill

work.

.The admittanoe of the model, Y, can be shawn to be giTen by.

nei
[ncl i (n i 1)C~3

.. ~ ---.;...--~~

2
Cl

[ncl .. (n i l)C~ 2

,~lC2 _
2--

WheBoe.

G
P

--
--

These equations are expressed in terms of dielectric constants and losses,

thust

Co.mbining (1) and (2),

(3 )
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FIGURE 15

Model for dielectrio.

a) Aotual arrangement.

b) Theoretical model.
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v~ represents the volume fraotion of paper in the oell and Vl/v :

1 - v'fIv. Equation (1) is the same as that obtained by Argue and Maass

for a similar model (2).

In Table ffiÏ are given values of ~'1 and ~" 1 oaloulated from

the experimentsl results at 1 Mo. for paper oontaining 0 and 5.3 peroent

adsorbed water. The loss data are plotted in Figure 16. It is appar

ent that the position of the absorption region is affeoted very little

by the transformation of the properties of the oompound dieleotrio to

those of the paper itself. In the case of the results for 5.3% water,

the value of v2Iv was determined as 0.635, on the assumption that the

volumes of oellulose and water are additive (4), and further assuming 1ihat

the changes in volume of the fibres were duplioated in similar changes

for the paper. AU subsequent values of V2Iv reported were oaloulated

on the basis of this assumption. Beoause of the low coeffioients of

thermal expansion of cellulose (19), v2fv varied over the temperature

range covered by only about 0.2%, which is well within the experimental

error.

All values of f '2 reported up to now were oaloulated on the

basis of C. = 9.7 r,tt. (see EXPERIMENTAL, Dieleotrio oell). Aotually,

this wu valid only for paper sample =lf1, whi1e for samples ~ and =II? the

true value was 9.0 ry:r. Correotion for this change in Co invo1ves a

simple addition of 0.010 to the reported values of é;'2' while e '2 il

not affeoted at all. All tabulated values as well as a11 subsequent gra

phioa1 values of f'2 are oorreoted for in this way.

Delevanti and Hansen (16) showed that the relationship between
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TABLE XXII

Die1eotrio dispersion at 1 Mo. of paper oontaining 0.0 and 5.3% adsorbed water

O.O%Water 5.3% Water

Temp. é.1 E' e Elit
l;,VT\f· ~~ E. I

É.," f.."a l a, l
,

2- ,

26.5 1·322 1.6;8 .0154 .0268 20.4 1.453 l..964 .0234 .0462

14.6 1.310 1.610 .0160 .OZl6 10.2 1.444 1.939 .0241 .0471
~
1

4.8 1.3°1 1.587 .0160 .0273 -1.0 1.427 1.891 .0250 .0479

-7.7 1.291 1.563 .0152 .0256 -12.6 1.412 1.850 .0260 .0490

-19.4 1.281 1.540 .0J.40 .0234 -22.6 1.403 1.826 .0262 .0488

-30.6 1.274 1.525 .0124 .0205 -34.8 1.373 1.748 .0258 .0465

-42.9 1.264 1.502 .0105 .0172 -46.4 1.349 1.688 .0243 .0427

-56.5 1.257 1.486 .0084 .0137 -55·2 1.332 1.646 .0225 .0388
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FIGURE 16

Etfect of the transformatioa ef ~tt2 to ~t'1 on die1eotrio

disperaion at l MC. of paper oontaining 0.0 and 5.3% ad80rbed

water.
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the densi"ty and dieleotrio constant of paper is expressed by a Clausius-

Mosott1 type of equationt

l ~'-l

d é'+2
K (4)

where d 1s the density and K is a constant for a particular fibre. These

results were oonfirmed by Calk1ns with an improved apparatus (8).

Thus, by means of equat10ns (1) and (4) 1t is possible to oal-

culate absolute values of the dielectr10 constant for cellulose fram

values obtained for the compound dieleotrio paper-vapor. In Tabla 'ffiÏÏ
o

18 presented for dry cellulose at 25 C. a comparison of the results of

Brown (7), Calkins (8), and the present author. Br01m measured ~2 for

an experime~tal arrangement similar to the one used in this work. His

value for V2/V was c.a.e, From this and using equation (1), t.'l was oal

culated, this corresponding to the measured sample dens1ty of 0.610.

Using equation (4) 1:..' was obtained for the cellulose f1bre, assuming a

density of 1.55 (33). Also, 6:.'2 was calculated for V2lv = 0.625 and

a semple density of 0.496, oorresponding to the arrangement in -uhis work.

Calkins measured ~tl directly; ~t2 and ~, were obtained as desoribed

above, ~'2 corresponding to the arrangement in this work.

If it i5 assumed that the fibres in the samples examined were

in a plane perpendioular to the eleotrical field then the differenoes in

the results of the var10us workers Ibay be acoounted for at least part1ally

on the basis of the dieleotr10 anisotropy of oellulose. The transverse

and axial d1electrio constants of the oellulose orystallite have been



TABLE XXIII

oDielectrio constant of dry cellulose at 25 C.

Data Material Freq. Reported Values Recalculated Values
(Ko. )

Density Diel. Const. ~, f.'2
Density =.496

(v2J'v : .648) vzjv =.625 1

co
Brown linen paper 300 .610 6'2 = 1.363 1.282 3.76 -..:J

1

Calkins ootton paper 1 .8 é:'l =2.42 1.364 5.94
i

300 V ~'2 : 1.334 1.334 4.96(/- = .6g5)paper of

Present 75% linen 10 .496 1·351 1.351 5.48
.. 25% cotton ~

1 1.35f 1.357 5.67

~ Estimated trom the results at other trequencies
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found to be 5.2:/ and 7.19. respectively" at a f'requency of 300 Kc. (7).

In cotton the fibrils are arranged spirally about the fibre axis whereas

in linen they are nearly parallel to the fibre axis. Thus, when dieleo

tric constants are measured transverse to the fibre axis, the values

should inorease in the order linen, linen .. cotton" end cotton: the re

sults given in Table XXIII fall into this order.

Using the same method, it is possible to obtain the dielectric

oonstant of cellulose as a tunction of vapor content. Oalculations were

made from data at 1 Mc. end 2000., end the results are ShOlm in Table

!Y!. The variation of fibre density with water oontent was obtai.ned

trom Hermans (33). It was assumed that methanol and ethanol had no et

.tect on fibre density. If the data on water are any oriterion, there

being little change OTer the range studied" this assumption appears quite

logioal.

The values of 'J are plotted versus vapor oontent in Figure 17.

The rate of increase of ~ t increases in the order ethanol, ll18thanol" and

water" the changes in the case of ethanol being very smal.L, E.g., at

5.3% vapor content" ethanol haa produoed a percentage ohange in ~t of

only 18" while the corresponding change in the case of water is as high

as 100%. The values of ~t for dry paper in the ourves for water" and

for methanol and ethenol correspond to the values for paper semples #2

and #3. The percentage differenoe is only 2, which is a good check on

the reproducibility of the results.
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FIGURE 17

Die1eotrio oOllstant of oellulose at 1 Mc. and 20°0. 1 i~8 Taria

1#io11 wi1#h lUJ10unt of Tapor adsorbed.
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TABLE XXIV

Die1eotric const&nt of cellulose 0at 1 Mo. and 20 C.a

its variation with amount of vapor adsorbed

semple fibre
%Water V2/V density density é'2 ~ '1 6'

0.,0 .625 .496 1.55 1·315 1.621 4.46

3·3 .630 .509 1.56 1·397 1.822 6.80

4.0 .632 .510 1.55 1.418 1.874 7.54

5·3 .635 .514 1.54 1.453 1.965 9.08

%Methanol

1.7 .638 .503 1.55 1.341 1.663 4.78

2·5 .640 .505 1.354 1.690 5.04

3·2 .640 .5°8 1.368 1.725 5.39

3.9 .643 ·510 1.380 1.749 5.64

5.4 .é46 .515 1.410 1.819 6.46

7.0 .648 .521 1.448 1.914 7·83

%E'the.D.o1

2.3 .640 .504 1.55 1·353 1.688 5.04

4.6 .646 ·511 1.371 1.721 5.28

6.9 .éq8 ·520 1.382 1.744 5.36

8.5 .651 .526 1.408 1.802 5·93
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Applioation of the Theory of Absolute Reaction Rates

In a11 cases in this work the linearity of the plot of log 'T

versus l,/T permitted analysis of the data in terms of the theory of ab

solute reaction rates (25. 28). As shawn in the Introduction a free

energy of activation for relaxation is defined:

l _

rr

or. breaking up the free energy term into the entropy and enthalpy of

aotiTation.

1 _

-T
kT-

h

k and h are the Boltzmann and Planck constants, respectively, and T i.

the absolute temperature. All values of~. d. and ~S:k reported

bere are for
othe temperature 298 K. and were calculated

6F'k. = 1364 [12.793 + log'!J
AH:* 4.576 <r - 592

Asi: = ~98 [6H* - âFl]

as follows:

The plots of log rr versus liT for paper containing adsorbed

water. methanol, and ethanol, respectively, are presented in Figures 18,

19 and 20. From these plots 'T was determined in each case at 298oK.
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FIGURE 18

Log rr versus liT for paper oontaining 0.0, 3.3" and 5.3% ad

80rbed water.

FIGURE 19

Log rr versus liT for paper containing 0.0, 1.7. 2.5. 3.2. 3.9.

5.4, and 7.0% adsorbed methanol.

FIGURE 20

Log 'T versua liT for paper containing 0.0, 2.3, 4.6. 6.9, and

8.5% adsorbed ethanol.
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These values of rr as well as of cr-, .6J!',t:.~, and ASâ are presented in

Table XX)l.

Let us first consider the data for methanol. The variation ot

eaoh of ~, d, and ~S* with %ads orbed methanol 18 shawn in Figure

21. Following direetly fram the trends in 'T, d is sean ta deorease

quite rapidly at first, levels off in the range 3 ta 4% and tben proceeds

to decrease further although not nearlyso rapidly as previously. On the

other hand, both AJik and ÂS* go through a pronounoed maximum at 2.7%.

A glance at Table XXY indicate s that the date. for water in aIl

probability shows similar trends, J and AS'k. passing through m.ax:i.ma

quite close ta 2.7%. These trends are observed as well for athanol, as

indicated in Figure 22.

At 2.7% then the restriction to dipole rotation is at a maxi

mum in a11 three cases. It is interesting that at this sa.me point (for

water) the density as weIl as both refractive indioes of native fibres

likewise have a maximum value (33'). One might expect the same to be the

case for methanol and ethanol. Perhaps the deorease in height of the

~ and ~S* ourves as one prooedes from water to methanol reflects a

corresponding decrease of the density effect in the three cases.

The picture, however, i8 not complete. It i8 necessary to

reooneile the absenoe of a maximum in the àF* ourve together with its

presence in the corresponding curves for AS:t and A~. Similar non

parallelism in the trends of the three quantities has bean frequently

observed in chemioal reactians in solution and is characteristic of phase

changes (56). Large parallel changes in bothAHl and bS'k. for the most
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TABLE XXV

Evaluation of Free Energy, Enthalpy & Entropy of

Aotivation for Relaxation for Paper at 2Q80K.

%Adsorbed Water -rx 109 cr- b.~ 6Fk AS*'

(gms ./gm. dry pape~ (secs.) (kcals ./mole) (koala./mole) (e.u. )

0.0 69.2 2060 8.84 7.68 3.9

3·3 8.2 Z/OO 11.76 6.42 17.9

5·3 7.0 2200 9.48 6.33 10.6

%Adserbed ~thaaol

0.0 69.2 2060 8.84 7.68 3·9

1.7 35.5 2210 9·50 7·28 7.5

2·5 17.4 2380 10·30 6.86 11·5

3·2 14.4 2320 10.00 6.75 11.0

3.9 15.0 2160 9.27 6.77 8.4

5.4 9.9 2040 8.76 6.53 7·5

7.0 5.4 2040 8.72 6.17 8.6

%Adserbed Ethaaol

0.0 69.2 2060 8.84 7.68 3.9

2.3 20.4 2350 10.16 6.95 10.8

4.6 14.6 2220 9·57 6.76 9.4

6.9 15.1 2020 8.65 6.78 6.3

8.5 5.5 2320 10.02 6.18 12-.9
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FIGURE 21

Variation with %adsorbed methenol of Â~' 6FA, and AS'" for di

e1ectric relaxation for paper at 298oK.

FIGURE 22

Variation with %adsorbed e"bhenol of AIf-, ~, end AS'" for di

electric relaxation tor paper at 298oK.
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part compensate eaoh other so that ~. and eonsequently the reaction

rate. remains very nearly the same,

The dielectric relaxation proeess investigated here may then

logically be oonsidered to oceur as follaws. still referring to Figure

21. At the maximum point in the 6,S'k. curve a maximum. number of bonds

must bebroken per orientation of a single dipole. The enthalpy neees-

sary is aIso at a maximum. but it is possible at the same time that the

amount per bond broken may be less than for lower vapor contents. This

is to be expected. in tact. on the assumption that the rotating dipoles

are hydroxyl groups and "that the hydroxyl groups of the sorbed vapor are

also rota"ting. For i t is weIl knovm that heans of wet-ting of cellulose

become progressiTely smaller with inerease in moisture content (64).

One may then argue that the relaxation time is a .f'unc"tion of the enthal-

py increase per bond broken per rotation as weIl as of the number of

bonds broken. or in other words, a fUnction ot the tree energy inorease.

At vapor conbenba higher "than that oorresponding "to the maximum point.

the overall density of "the cellulose sys"tem decreases and the number of

'k.broken bonds per dipole orien"ta"tion. in o"ther words. AS , surfers a oor-

responding decrease. At "the sam.e "ti.me, the en"thalpy increase per bond

broken becomes even smaller BO that there is a corresponding decrease in

relaxation "tim.e.

In the above sense "then water as well as me"thanol and e"thanol

may be considered as having in cellulose a plasticizing action similar

"to tha"t observed in other polymer systems (11. 22. 23. 52).

The distinctness of the vapor content of 2.7% is manifested
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FIGURE 23

Variation of Tm with %adsorbed :methanol at the iD

soribed frequencies.
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1:1. yet mother tashion. When Tm is plotted versus %m.ethanol tor eaoh

of the tour experiJDental trequenoies~ one obtains the plots 01' Figure

23. These plots are linear nth a discontinuity at 2.5%. Above this

point the slope is the same tor all the trequenoies ~ the deviation trom.

the aTerage being less thm 1%. Below 2.5% on the other hmd the slope

undergoes a marked inorease with deorease in t'requenoy. In order to en-

sure better illustration 01' the relationships the points were ta1cen t'rom

the log If Ter8U8 liT lines ot' Figure 19 rather than direotly trom the

experimental data.

The plots are described by the following equations, Tm being

expressed in degrees absolute:

--
--

t ~;

-4.54 (%!AeOH) of ~;

-In Table~ are presenbed the values 01' Kl~ ~, and K,3 for the dif'-

t'erent trequenoies.

Err.ct of Vapor Content on Inereas. in Loss Maxim.um

For the oase of a Bugle relaxation tilDe rr, the maximum value

01' ~tt i8 given by (48).

E" max

'wher e k is the Boltzmann constant = 1.38 x 10-16 erg/degree, T i8 the

absolute temperature, é:o i8 the statio dieleotrio constant, and n i8 the
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TABLE XXVI

EvaluatioD ot oonstants tor the plots ot Figure 23

Freque.oy Kl(kas. )

100 -4.06 249.0 250.2

200 -4.54 258.0 258.0

550 -6.09 ~3·7 269.7

1000 -7.26 284.6 ~7·3
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number of dipoles per 00. ~ is the dipole moment~ assumed to be 1.1 x

10.18 e.s.u. for the hydroxyl group (48). dé' 'ma,xld». is given by:

d~" .". • 2"'" 2 2
dn ~ (~+ 2)27kT ~

assuming no change in T or é o• In this way a. lOBS value is assigned to

a single adsorbed dipole in one 00. of Jl.B.terial. In order to be cOWl1s

tent with the oonTention of expressing the amount of adsorbed vapor in

terms of grams per 100 grams of dry matorial. a 108s value i8 assigRed

to one gram of adaorbed dipole per 100 grams dry material as followst

where N is Avo~adro's nuaber~ M is the weight of N dipoles. aad d ia the

density ot the material.

dé' 'maxldnc may be obtained experimentally as well. as indi-

oated in the Results. However. as emphasized betore~ the linear plots

of Figure 14 desoribe the oompound dielectr10 oellulose-vapor -- Tapor.

whereas data tor cellulose itselt are desired for purposes ot oomparisan.

This i8 obtained as tollows r the requisite é,' '2 data wu trans-

f'ormed to e '1 by the method desoribed in ABalysis ot Dieleotric. It

has been shawn that the dissipation factor of a paper sheet i8 roughly

directly proportional to its de1'lsity (8. 16). With this relation é.! '1
was transformed to L" for the oellulose fibre it8ell. us1ng the density

values ot Ta.ble 'XXiV. The requisite data i8 shawn in Table ""'ffiÏI and
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FIGURE 24

f.ttmax for the oellulose fibre: its variation with

vapor oontent.
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plotted in Figure 24. The plots are slightly cUrTed, the CUrTature being

greatest in the case ot; water. This is no doubt a consequence of 'the

fact that T decreases and 60 increases wi'th increase in vapor conten't.

'the oombined effec't being greates't for wa'ter, presumably. From the slopes

of 'these ourTes (at 5.3% Tapor oonten't ) values of dE.! 'm.axldnc were oom

puted; 'these are presented in Table XXVIII 'toge'ther wi'th those obtained

fram the above equa'tion, as well as the oorresponding values for crystal

line and amorphous 'terylene. It ought to be pointed out here that by

crYStalline terylene iB me811t the normally ooourring subabeace, which has

a orystalline fraction of about 0.4 (48). ~o for dry oellulose was taken

as 6.

It will be noticed that in aIl cases in this 'table 'the exper

imental value of dE..' 'maxldnc is much smaller 'than the theoretioa.l.

This can undoubtedly be explained on the basis of a spread of relaxa'tion

ti.mes as a conaequence of whioh the measured é,..' 'max is oonsiderably low

er than the theoretical value (38). Even so, the reported experimental

values for cellulose are probably a little high as a result of the slight

magnitying effect of a decrease in temperature on f! 'max. Here ontu

sumos of oourse the correo1iness of 'the model used in calculating e 'max.

Theoretically, one would expeot dé' 'maxfdno to be cOl:1siderably less for

terylene-water than for oellulose-water beoause of smaller values for t o

and d. Ths.t this is 80 experimentally is evidanoe in favour of the as-

sumption referred to aboYa. The effeot of changes in f e and d is mani

fested as weIl in the smaller value of dE," ma.xldno for crystâlline tery

lene than for the emorphous modification.
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TABLE XXVII

t' 'max for the oe11u1ose fibre: its variation with vapor oo.tent

%Vapor Tm fo' '2max é'2 t '1 é"l ~, 6"

Water

0.0 10 .0160 1.306 1.598 .02740 4.24 .227

3.3 -12 .0218 1.353 1.707 .03892 5.22 .365

4.0 -17 .0233 1·372 1.751 .04225 5.66 .415

5·3 -21 .0262 1.404 1.828 .04885 6.52 ·522

Methanol

1.7 - 8 .0158 1.323 1.620 .02680 4.35 .222

2.5 -15 .0171 1.328 1.629 .02903 4.41 .241

3.2 -16 .0179 1.342 1.661 .03082 4.68 .265

3.9 -19 .0190 1.350 1.675 .03275 4.79 .284

5.4 -26 .0212 1.369 1.716 .03701 5.14 .334

7.0 -35 .0232 1.394 1.773 .04135 5.68 .394

Eth....1

2·3 - 5 .0198 1.328 1.629 .03362 4.43 .281

4.6 -12 .0210 1·338 1.643 .03554 4.46 .292

6.9 -13 .0222 1·351 1.668 .03784 4.,6 .309

8·5 -21 .0231 1.366 1.700 .03975 4.78 .329
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TABLE XXVIII

d~' 'max/dnc -- Theoretica1 and experi.menta1 values tor

oellulose and terylene

Material Theoretical Experimental Theoreticalj
Experimental

Terylene
(amorphous ) 0.245 0.0488 5·02

Teryleae
(orystalline) 0.232 .0433 5·35

Oellulose.. water .676 .0834 8.10

Cellulose
i methulol .676 .0638 10.6

Oellulose
of ethanol .676 .0206 32.8
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SUMMARY AND CONCLUSIONS

Water is known ta have a pronounced sof'tening effect on cellu

lose. The dieleotric relaxation time (,-) of a aubsbence , together with

related properties~ MaY beconsidered as a measure of the faoilitywith

which its dipoles can rotate in an alternating electric field. It would

be expeoted then that in cellulose rr would be affeoted ta a greater or

1e88er extent by the presence of adsorbed water and similar vapora.

It was found convenient to perform experiments with quantita

tive filter paper inserted in the measurâng condenser in a wrap-around

fashion. The neoessity thus arose for determining whether or not relax

ation times for this arrangement oorresponded to iihose for iihe paper

itself. E1ectrical analysis showed that there was no deviation within

experimental error. Using the equations obtained calculations were made

of the dielectric oonstant and maximum dielectrio loss factor of the

cellulose fibre as a funotion of per cent adsorbed water~ methanol,and

ethanol, respectively, this being the order of decreasing effect. The

value of the dielectrio canstent for dry cellulose was in agreement with

that obtained by previousworkers.

Iii was fOU11d that water, as weIl as methanol and ethanol~ caused

the relaxation time at 298 0 K. to decrease. In a11 three cases the cUrY'e

of~ and .6S* versus vapor content passed at about 2.7% vapor content

through a maximum, the height of which decreased in the arder water,

methanol, and ethano1. This was correlated with the fact that the curve

of cellulose density versus water content passes through a maximum at
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this very point. It was predicted that the corresponding dens:i.ty curves

for methanol and ethanol would run 8. similar oourse, the heights decreas

ing in the same order as for the~ end AB j: curves , Thus it wu shawn

that water, methanol,and ethenol have in cellulose a plasticizing action

oomparable with that observed in other plasticized polymer systems.
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CIAIMS OF ORIGINAL WORK AND CONTRIBUTIONS TO KNOWLEDGE

1. Values of dieleotric oonstant and dielectrio loss faotor were ob

tained in a dispersion region for a oomplex arrangement in the

measuring condenser of a paper made of pure cellulose. Measure

ments ere performed over a range of frequency of 10 to 1000 Ko.

and a range of temperature of -58 to 26°c.

2. It was shawn by electrioal analysis that the position of the dis

persion region thus obtained was not altered upon consideration

of the data in terms of the paper itself.

3. From equations obtained as a result of this analysis calculations

were made of the dielectrio oonstant of the oellulose fibre at 1 Mo.

and 20°C. as a f\motion of per oent adsorbed water" methanol, and

ethanol, respectiTely.

4. In the same way the oorresponding maximum. dieleotrio loss factor

was oaloulated as a funotion of Tapor oontent" the slopes of the

ourves being oOllsidered as a measure of the lasses due to the hy

droxyl groups in the adsorbed vapor.

5. From the maxima in the 108s ourves relaxation times -.ere eva.1uatecl.

From. plots of log If versus liT, calculations were made at 298oK.

of the iree energy, enthalpy, and entropy of aotivation for di

electric relaxation, these terms being considered as a f'unction of

Tapor content.
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