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INTRODUCTION

This work is based upon a group of experiments planned to re=
veal certain effects of water and other hydroxyl-containing substances
on dielectric relaxation in cellulose. It is, therefore, appropriate to
begin with an exposition of the theoretical considerations underlying the
fundemental Debye equations for the dielectric constant and loss as well
as the relexation time of a dielectric (13). It is relevant as well to
consider Eyring's picture of dieleetric relsxation as an activated rate
process. Following this, pertinent aspects of the structure and general
propertiss of cellulose will be traced (33). Finally, work done on the
dielectric properties of this system will be reviewed.

Assuming the existence of a dielectric constant and confining
attention to isotropic substances, the mean moment of a moleculs, m, acted
upon by a steady electric intensity F cen be written:

m = oF (1)
o is the molecular constant "Polarizability™. In determining F, in
addition to considering the eleotric intensity arising from the applied
field, one must take due account of the reascting field as well as other
related factors. The oldest problem, concerned with medis composed of
non=polar molecules, can now be regarded as settled; we still await a
completely satisfactory treatment of the case where the molecules possess
permanent dipoles (18). If one assumes that the molecules are moving to-

tally independently of each other, one obtains the relation (13):
F:E-;h;TI (2)
where E is the electric intensity due to the applied field, end I is the

polarization, or electric moment per unit volume. By definition,



Iz m
= m(@e LT ) 3) |
where n is the number of dipoles contained in one cec. Also by definition,
Dz E+ LTI (L)
= ¢E (5)

where & is the dielectric constent of the substance. From (3), (L), and

(5), one obtains:

€=l = L 6
€12 3 no ( )
The Molar Polarizetion P is defined:

Pz LT gu= €1 x (7)

where P is the density and M the moleculsr weight of the substance, and
N is Avogadro's number. For poler substences whose molecules have s per-

menent dipole moment P the mean electric moment is expressed by:

m= (do 4 ;:3%_) F (8)
T being the ebsolute temperature. The factor o, takes cere of the dis=~
tortion effect, the factor )be/SkT of the orientation effect. This comtri~
bution from orientation has been derived by the clessicel method employed
by Debye (13), and, in addition, by the methods of wave mechanics (13),
quantum mechanics (60), and the Born-Heisenberg mechanics (4O, L5). Thus,
summing over e discrete number of stetes in the newer methods has given
the same average moment as averaging over & continuous distribution in
the classical derivation.

For a periodic field of anguler frequency o the meen moment

becomes complex end is given by:
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m o= (mp 1 F
{31!‘1' l%ibﬂ'*c“:? (9)

and the molar polarization P is expressed by:

€=l M = PW) =L4WNu+ 2 1 (10)
6"’2" 3 ) ’ng T $iaT

The relaxation time T is defined as the time in seconds for the variable

pert of the moment distribution function to be reduced to l/e of its in-

itial value after instanteneous removal of an electric field that heas

caused them to become oriented in a definite direction.

Two dielectric oonstants &, and &y, are defined by:

€ooul N » LT (11)
€Eocte P 3 Neto

€o=l M = LW !!2

€o¥ § 3 Nl ? 3kT (12)

According to (10) the dielectric constant &, denotes the value of & for
high frequencies == the optical dielectric comnstant == and¢, is the
stetic dielectric comstant, observed for W = 0.
The value of & as a funotion of frequency is then given bys
€ 4 107 €00

E ¥ P -3
€ = ° €00 (13)

1l L 1l
A Wt
eo"2 Zoo'z



end can be written as;

(3

e' - -{,é_" (]_h)
where:

éoo + éO -éoo
14

m
"

éo-eoo
l+4x

e (15)

M
n

€o 4+ 2
DT
€12

00

&'t attains a maximum value when x = 1; upon this fact rests
the method generally used for the determinetion of T. In attempts to
evaluate the internal field in poler liquids, Onsager and others have
suggested that the factor €, + 2/600 4+ 2 ococurring in Debyet!s equetions
be replaced by unity (24). In the present work the relaxstion time hes
been evaluated as l/\bmm where bm“ is the experimentally determined
angular frequency for maximum absorption.

Thus, when measurements are mede as & function of frequency
at temperature T one obtains curves for &' and ¢'' as shown in Figure l.
Over a given renge of frequencies £ ' undergoes & rapid decrease and at
the seme time ¢'' goes through a meximum in the form of a symmetrical
bell=shaped curve. For these phenomena a correspondence law holds stet=
ing that any effect of the frequency cen likewise be obtained at con-

stent frequency by meking a corresponding change in T . In pertioculer,



T is markedly dependent on the temperature as well a3 the viscosity
(13, 30, 35, 41). Consequently, it is not surprising that similar curves
of £' and &'' are obtained when the frequency is kept constant and the
temperature chenged. Because of the greater ease of traversing a suitable
temperature range then the corresponding frequency range the majority of
workers in this field have chosen to change their variables in the fore
mer fashion. They have for the most part assumed that the value of the
relaxation time obtained in this wey from the meaxima of the €!' curves
was the same as that obtained at this temperature at varying frequency.
There are those who have questioned the validity of this assumption (27,
38), but their objections do not appear to be at all sound in principle.
For example two workers (27) object on the grounds that to each temper-
ature there corresponds a characteristic dipolar structure, i.e., a
different substence. If the implication is that it is the viscosity
which changes, then it is this very fact which is the basis for the phen=
omens. observed, as shown above.

On the other hand, a very simple demonstration of the equival=-

ence of the two methods is offered as follows (29):

Let z - g't 2
€0~ €oo
Put A = 1l
14 [ampr €422

€oote

According to Debye's theory z = A = A2(Equetion 15). Since €o and €44

are independent of f, the frequency of meximum loss f, is given by



FIGURE 1

Veriation of €' amd ¢!' with log £ in a dizpersion region.
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de = 0 = (1=-2a)3A

a5 of
The temperature T, which makes 2z & meximum iz given by:

2 = 0 = (1-28)d

aT oT
In each case the relexation time T is given by the unique equation
1l «2A2 0

The equivealence of the two methods is apparent as well in the
solid model representing tend ( = £'') as a function of both frequency

&r
and temperature for terylene (L48).

For a given field ¢!'' and W are related in a very simple way
to the rate of loss of energy from the electric field (20). é&1'' may then
be considered as a measure of this loss.

When & dielectric is a conductor as well, there is a contribu-
tion to ¢'! which varies inversely as the frequency. Let the dielectric
examined be represented by the model in Figure 2a, the phase diagram
being shown in Figure 2b. CF is the parallel capaci'i:e.nce, Gp,c, the d=c.
conductance, Gy the conductance assoclated with Debye effects; and i,,
iy, and 15 are the corresponding currents. <b, and ¢2 are the phase angles
associated with Gp end G + GD.C.’ rospectively. E is the potential
across the dielectric. The model is them described by the following

equations:



FIGURE 2

a) Model for s conducting dipolar dielectric.

b) Phase diagrem for dielectric of Figure 2e.
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where /\ is the specific d.c. conductivity of the dislectric and a is

the cross-sectional area and 1 the length of the condenser. Therefore

a
6-“D.C. = o Ay = 1000 x 10'* x h"WA
> & o BBS X 5N =

Q=x 0" x LA
N

This is the familiar expression (9) which is quite general for conden=
sers of all shapes.

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

upon removal of an electrical field the molecule loses the impressed



orientation by a succession of random movements, the trace of its original
'position becoming gradually less after each such movement., In the con-
sideration of the process as a unimolecular reaction it was found more
reasonable to assume that the dipoles chenge their orientetion, not
gradually, but in a series of sudden jumps. It was further assumed that

the rate of jumping was equal to the molecular rate of relaxation k,, where
kb = 1 (16)

k, being analogous to the specific rate constant of chemical reactions.

In the theory of absolute reaction retes (28) it is assumed
that, in any atomic or molecular process whose rete is temperature depend=
ent, the atoms or molecules involved must first come together to form
what is called an activated complex. This is regarded as being situated
at the top of an emergy barrier lying between the initial and final states.
It ie supposed that the initial reactants are always in equilibrium with
the activeted complexes.

The simple expression for the rate constent of a temperature
dependent process is derived to be:

k, = kIgx (17)
where KX is the constent for the equilibrium between the activated com=

plex and the reactents, k is Boltzmenn's constant, and h is Planck's

constant., Writing KX in terms of the stendard free energy of the process,

A FX,
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- AF = pr 1 K
or & =z e - aF% /Rr
Whence (17) becomes
- aFk ook Ask

ko?%&ﬁ-’%_e_RTe/T (18)

AH‘ a.r;u:IASt are the stendard enthalpy and entropy changes, respectively,
which accompany the activetion process. Equations (16) and (18) are

combined to give

_ -k
%—-‘% e (19)

From Equation (19) it is seen that the rate of the process is
determined, not by the heat of activation AH‘, but by the free energy
of activation AF¥. Hence, if a process is characterized by a large AHt,
it cen still teke place with rapidity if accompenied by a correspondingly
lerge increase in entropy. On the other hand a small AH‘ value does not
imply a high rete if a small entropy term is involved.

It is of great interest to consider the implications of the
values that can be assumed by ask, Many relexation processes are character-
ized by large positive values of '};he entropy of activetion, often
higher then 100 e.u. For substances exhibiting such behaviour it is im=

possible not to conclude thet more than one molecule is involved in the

activation. This situetion can be visualized ss follows (38):



According to the current ideas on liquid structure the state
of affairs in the immediate neighbourhood of a molecule approximates
that in a crystael. Thus, in order to satisfy the requirements for ste-
bility in a normal state (where Mnormel™ refers to a state represented
by & local minimum on the potential emergy surface for the system) the
region in the neighbourhood of the molecule must be characterized by
“optimum packing, dipole orientation, hydrogen bonding (if such bonds are
possible), etc. If a change is to occur in the orientation 6f the mole=
cule so that its state will then be represented by a second minimum on
the potential energy surface, the neighbouring molecules.in the "erystal®
must also undergo some change in order thet the resulting configuretion
mey agein be stables The process of activation can be easily visualized
a8 involving a loosening of whatever bonds are holding the molecules to=-
gether, so that the activated state approximstes to that of a gas as far
as intermoleocular forces are concerned. This requires a large entropy
increase comprised of the contributions of the members of the "crystal®,
From this activated state the molecules can go back to their original
configuration or proceed to another stable one.

Thus, if the process of activetion is regarded as essentielly
e vaporization, it is possible to calculate the number of molecules in
the "crystel" defined above from the megnitude of ASK and the entropy
of vaporization of & single molecule as calculated from Trouton's rule.
At about room temperature for a substance with a molecular weight of
100, each molecule undergoes a net entropy change of 10 to 15 e.u. dur-

ing the "vaporization™. C(Consequently it can be concluded that anywhere
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up to 10 or more molecules can be vaporized in each activation process.
Thus, the magnitude of AsX in Eyringts equation gives rise to the con~-
clusion that, in general, more than one molecule is involved in the acti-
vation process of dielectric relaxstion. The same conclusion may be
drawn from the value of f obtained from the modified Arrhenius expression

for the rate constent of a process:

x & A Q:(A/kT *?)i’ﬁ'f *SDJS'
(o) I f.‘ -

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

quadratic terms in which activation energy is shared. n is given by
n= 3a =6, "a®" being the number of atoms in the molecule, so that f is
limited by the value of a. Frank calculated the value of £ = 14O for the
dislectric relaxation of c¢etyl palmitate dissolved in paraffin wex. From
this high value, one cannot help but conclude as before that the relexa=-
tion process involves several neighbouring molecules as well as the
central one under consideration (17).

Other evidence supporting this view is presented as follows.
In a binary system of two polar substances one would expect anomalous disw-
persion to oceur over two frequency renges corresponding to two relaxe-
tion rates. Such an effect has actually been observed for certain systems,
but its appearance depends upon concentration as well as other factors

(51). In other systems, e.g. polyvinyl chloride plasticized with varying

amounts of tricresyl phosphate, a single dielectric loss maximum is observed.
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In agreement with the views of Schallamach this suggests that it is no
longer correct to speak of the rslaxation of single dipoles, but that
larger regions must be oonsidered (38).

Values of ASK not far removed from zero ( + 79 e.w. >» ASK
¥ - 2 e.u.) have been interpreted es indicating that the molecules of
the substance concerned are free to rotate without involving breaking
of bonds to neighbours. Such beheviour is shown by the hexasubstituted
benzenss (66)s On the other hand, negative values of ASX varying from
-~ 3 t0 = 5 e.u. wers found for several substances (65); it was thought
unlikely that these negetive velues arose from experimental errors. In
other words, the authors felt that these values were significent, but
at the time mede no statement concerning their physical import. However,
others (26, L47) are of the opinion that the absolute rete equation is not
sufficiently accurate for an absolute significance to be placed upon the
negeativity of such small values. That is, the liquids involved are to be
considered as merely more mobile than substences characterized by more pos=
itive values of ASK, This view is probably e very wise one, for it must
be borne in mind that the liquids involved (toluene, o=xylene, p=cymens,
etc. ) 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. Thus, the activation process would involve much less bond-
breeking in these cases than for the associated liquids usually investigated.

Hence it is not surprising that their values for ASX extend into negativity,

especielly if no absolute significance is to be placed upon them.
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It is of interest to introduce the results obtained with the
seme substence dissolved in solvents of different degrees of structural
order. Entropies of activation were calculated for solutions of dioctyl
phthalate in both polystyrene and polytheme. It is well known that, as
compared to polystyrene, polythene is much more clogely packed in struc-
ture, largely owing to its crystellinity. One would consequently expect
the necessity for a greater disorganizetion, hence a greater incresase in
entropy, for activetion in polythene. The results obtained are recorded
below; they are in agreement with expectation (L42).

dioctyl phthalate in polythene 33 788
dioctyl phthalate in polystyrene =~ 2 Selle

Work on multicomponent dielectrics has proceded in two general
directions. There are those who have with more or less success attempted
to essign values of dielectric constant and loss to & particulsr compon-
ent (3, 36, 37, 39, L4, L9). Then there are the others, including the
present asuthor, who, while meking measurements as a function of composi=-
tion, heve nevertheless persisted in considering the system as & whole
in this respect.

Investigations have been mede on rubber swollen in turn in
various polar end non=polar solvents (52). From messurements at a con=
stant frequency it was found that in all ceses the temperature of maximun
loss due to rubber was shifted in verying degree to lower temperatures by
an increase in concentration of swelling agent. On the other hand the
loss mexime of the solvents were brought by the rubber to much higher

temperetures then those of the pure liquids. 1In all cases the enthalpy



- 16 =

of activation for rubber relsxstion decreased with increasing concentrea-
tion of swelling agent, which may, therefore, be considered es having a
plasticizing action on the rubber. A similar effect was produced es well
in polyvinyl chloride by tetralin (23), diphenyl (22), and tricresyl phos~
phate (11),and in polyceproemide by adsorbed weter end methanol (21). On
the other hand the vulcanizetion of rubber with increesing amounts of
sulphur (38, 53) is reflected in regulsrly incressing enthalpies end en~
tropies of activetion for relexstion. This is in agreement with the view
that the sulphur introduces added rigidity by formation of bridges between
chains.

Native cellulose consists of molecules having & degree of poly=

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

established constitution of a single molecule is represented in the follow=-

ing formula;

CH,OM H O
9 A 0
' Okt H :
1 AN :
; 0 '
P CH,OM )
' Z
.' \
: )
Y P A (T S S o LI o B

The two terminal members of a chain are differentisted from all others by

the possession of four instead of three hydroxyl groups; one of these



groups to the extreme right of the figure is distinguished by its aldehydic
character. Each chain member possesses one primary group. A consider=
ation of spatial conditions mekes it plein that chains extending in one
dirsction (such as must largely constitute a fibre) can only be built up
by continuous 1=l glucosidic linkeges from the freme of JS glucose in

the armchair form, shown below.

In a straight portion of the chain, the centres of gravity of
the atoms of the ring are distributed over two parellel planes. The hy-
drophobic H atoms are above and below these planes and laterally there
are the hydrophilic OH groups. An arrangement of such chains in a crystel
is thus easily visuelized, the "secondary valences" of the hydroxyl
groups being teken up in the fairly powerful hydrogen bonds.

The picture of cellulose fibre structure centres around the con~-
cept of micellae, the meaning of which has undergone a subtle chenge from
the time, 70 odd years ago, when C.v. Nageli coined the term (33). They
are now considered as statistically distributed regions of a latticed order

in s mass of substance consisting of approximately parallel chain molecules.
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The "crystelline™ regions elternete with less well=-ordered "amorphous®
regions, somewhat as shown below, there being no connection between the

linear extension of the micellee end the length of the chains.

In the process of water sorption the weter penetrates between
the molecular chains into the fine, and even finest amorphous regions, but
does not reach the core of tﬁe crystalline regions. Now if the molecular
chains are aligned in the direction of the fibre, the fibre will swell
trensversely only, but not longitudinally, in accordance with the observed
behaviour of well-oriented cellulose fibres. The sorption process is now
regarded as one Af solution, so that a cellulose fibre containing sorbed
water mey be considered as en arrengement of more or less regularly alter-
neting regions of corystalline mycellae end of amorphous meterial in solu=-
tion in water.

The phenomenon of hysteresis may, after Urquhart (Li6), be con=-
sidered as a consequence of this remdom srrangement of mycellae: After
drying, the cellulose molecules try to attain positions such thet there
is the greatest possible mutual satisfaction of secondary valences.:
Because of the relative immobility of the long molecules, it is not pos-

sible for them Bo reach the arrangement of true minimum potential energy.



-19-

If the fibre is again brought into contact with water vapor, the fibre
molecules try to come into as complete a contact as possible with the
water molecules; +that is, they tend to become independent of each othsr.
However, in consequence of the inertia=like effect just mentioned, the
positions of the cellulese molecules at the same reletive humidity are,
after drying, less favorable to taking up water than before. In other
words, the fibre behaves on desorption like a meterisl with a higher
smount of amorphous region. The fraction of amorphous region in native
fibres hes been determined as 0.30 by X~ray methods, this being in good
sgreement with values derived from sorption and demsity date (32, 3L)e

Throughout this work the term "adsorbed vepor" is used to dis=
tinguish the vepor upteke on the adsorption side of the sorption iso=-
therm from that on the desorption side.

A fundementel problem srises whenever an ebsolute measurement
of the dielectric constant of cellulose is desired. This is inherent im
the fibrous structure of the material, the porous nature of which must
be circumvented in some manner if one wishes to avoid the necessity of
taking into account snomalous surface effects. Two methods, guite
simple in principle, heve been developed to this end ==~ +the techmnigque
of liquid mixtures snd the pressure method.

The technique of liquid mixtures was first used by Starke (55)
end independently by De Luca, Campbell, and Maass (15). These suthors
showed that the problem of the porous spaces in cellulose could be solved
by filling them with e liquid having the seme dielectric constant as the

cellulose itself. The method involves finding a liquid mixture which is
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isodielectric with the cellulose. The composition of this liquid mixture
weas the point of intersection of two liquid-composition versus dielectric
constant curves, one with and one without the cellulose ssmple in plece
in the condenser. The dielectric comstant of a liquid of this composi=
tion was then determined directly, or from a curve showing the relstion
between percentage compesition and dielectric comnstant. The major un-
certeinty in this method, arising from the small engle at which the curves
crosged, was neatly resolved by Brown (7) by simply plotting differences
in dielectric constent due to cellulose rather then the composite values.
An entirely different approach was employed by Deleventi snd
Hansen (16) and later by Calkins (8). They comstructed the electrodes
of their condenser in such e wey that pressure could be applied to the
cellulese sample up to &« point where it no longer had any effect on the
measurements, At this point it was assumed that the pores in the sample
had been effectively eliminated.
Data obtained by these workers will be reviewed in the discussion.
Dielectric dispersion in dry cellephane wes discovered by Stoops
in 1934 (57); +this was attributed to typical dipole orientation. Anel-
ysis of his data shows no significant difference in th§ velues of the
relaxation time T whether calculated from data obteined at comstant
temperature, or, on the other hand, st oomstent frequency. There is no
resson why this should not also be the case for other forms of cellulosze.
Bscause of the softening sction of water on cellulose it was
reasonsable to assume that sorbed moisture facilitates dipole rotation

and thus appropriately shifts the position of meximum absorption. Some



dete was available on this subject but the results appesred contradictory.

Dakin end Auxier (10) measured the dielectric constent end dis-
gipation fector of commerciel pepers as a function of frequency at 28%¢.
When observaeble, the frequency of meximum ebsorption was uneffected by
the moisture content. Similer messurements by Henniger (31) ab -500. for
paper with moisture contents of O snd 5.6 geve the ssme general results.

On the other hand Veith measured the dissipetion factor of
paper at different moisture oontents as & function of temperature over
the rsnge =40 to LO°C. at fixed frequencies (61). The tempersture of
meximum loss, observed only at the highest experimentel frequency, 100
Kec., appesred to decrease with increesing moisture content.

In view of this conflicting evidence further investigation
appeared desirsble. It was decided to work with a purified form of cel=-
lulose in order to eliminate effects due to high loss impurities. The
working frequencies chosen were such that abserption regions appeared in

the temperature range =60 to 15%¢c.



EXPERIMENTAL

Electrical Apparatus

For the frequency range of 10 Ko. to 1 Mo. covered in this
work, two measuring oircuits used previously in this leboratory (2L,
25) were employed. These were the General Radio Company's Type 821-A
Twin-T Impedance measuring circuit and the Type 716~C Schering bridge.

The Twin-T cirecuit together with auxiliary equipment was em=
ployed at 1 and «55 Mc. The arrangement and method of operation were
essentially the same as that used previously, the circuit being shown
in Figure 3. The appropriste high~frequency signal generated by the
oscillator was smplified and then fed into the Twin-T circuite In the
absence of balance conditions in this circuit pdrt of the carrier sig-
nel entered the redio receiver. An internal bheat oscillator in the
receiver was employed to produce beats with the cerrier signel. This
heterodyne signal was smplified and could be heerd through earphones
plugged into jacks in the receiver. On balancing the Twin=T circuit,
the signal no longer entered the detector and no sound could be heeard.

At 200 and 100 Kc. the Schering bridge wes employed. The ap-
propriate signal was fed into the bridge from the same oscilletor=-
amplifief srrangement used with the Twin=~T circuit; the methed of null
detection was likewise the same. In this case the null detector was the
RCA Victor Type T.E.=236~B Radioc Receiving Equipment consisting of a

Power Unit, MI-22102, and e Receiver Unit, MI=22112,
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FIGURE 3

Twin=-T circuit and auxiliary espperatus.
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This equipment could detect signels in the range 15=-600 Kec.
The Power Unit wes carefully designed in order to maintein an acourste
calibration of the receiver and a high degree of frequency stebility.
The Receiver Unit wes completely shielded both internally and externally
to minimize crosgs=talk between receivers. Filters were provided which
increased the effective CW selectivity and improved the signal=-to-ncise
retice C.W. reception and improved sensitivity end selectivity wes ac-
complished by the use of a specislly designed sutodyne detector cirouit.
This detector employed the femiliar electron coupling with the result-
ant minimizing of reaction in all circuit switching in the audie system.
A very high degree of frequency stability is inherent in this type of
circuit which renders it possible to obtain the desired performasnce cher=-
acteristics of this detector without oritical adjustment of the controls.
These were set as follews:

With the "Frequency Bend" switch set et the sppropriete fre=
quency range, the "Tuning" control was edjusted until the desired sigmal
wes heard. The "Regenerstion® control was set so that the detector was
oscillating as evidenced by a double click heard in the hesdphenes when
the "0sc. Test" button wes pressed and released. The "Sensitivity" cone
trol was set at 6; this gave the required sensitivity without overload-
ing the receiver with noise. The "Antenna Trimmer" and "RF Trimmer"®
confrols were kept in the same position for both frequencies, while the
"AVC" and "Audio Tuning Off~On" switches were at all times kept in the
"Of£" positien.

The Schering bridge was likewise employed for the measurements
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et 30 and 10 Kc., the auxiliery equipment and general arrangement of
the circuit being essentially similar to thet employed previously (24).
The bridge was energized by & Hewlett=~Packard No. 200A Audie Oscillater.
The oscillater signal was fed to the bridge end thence through a Hewleti~
Packard Model LOLA vacuum tube voltmeter amplifier circuit te & 5-im.
Sylvanis cathode ray oscilloscope which served eas null detector. The
method of null detection waé s simplification of that employed previcuslye
The signel, which was applied to the "y" plates of the oscilleoscope was
beat against an sppropriate internal oscillation applied acress the "x"
pletes. This resulted in a wave-form on the oscilloscope screen the
amplitude of which was reduced to zero upon balencing of the bridge.

Thus, the principle of operstion of all three arrangements is
effectively the same. In each case ths reference for measurement is the
condition of zero enmergy transfer across the measuring circuit. In esch
case the residusl signal trensferred across the unbalanced circuit is
beat against sn internal oscillation in the null detector. On the one
hand the resultant electrical oscillation is transformed to sn audible
sound weve, on the other hend it becomes & visible electron wave.

D=c. resistence measurements were made with a General Redio
Type 1861-A Megohmmeter. With few exceptions to be mentioned below,
there was no apprecisble contribution to the messured a-c. losses (see

Introduction).

Dielectric Cell

It was necessary to design a cell in which the vaper centent
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FIGURE L

Dielectric cell.
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of the cellulose sample could be systemaeticelly veried.

The arrengement employed (Figure li) consisted of & peir of
concentric Pyrex glass cylinders comnected at a stendard=teper ground-
glass joint A. On the glass wall at each side of the ennular space
three layers of platinum were deposited; these constituted the electrodes.
Contact was made to copper wires B and C on the outsids by thin pieces
of platinum sealed in the gleass. The copper wire C dipped into mercury
at the bottem of the tube D, the mercury meking contect with the ple=~
tinum sealed in the gless. Connection to the conditioning system wes
made both above end belew the electrode deposit et E and F in eorder to
sccelerete diffusion of vapor throughout the cellulose sample. Four
tiny blebs of glass were sealed both above and below the eleotrode on
the inner eylinder to serve as spacers for the semple. Two tubes G
and H were to make provision for ciroculation of thermostatted liquid
through the inner oylinder; no necessity was found for this spplica=
tion of the tubes.

Such cells, in which metal electrodes are deposited on glass,
were introduced by Sayce and Briscoe in 1925, and have since been used
with success (5, 12, 58). Because of the small coefficient of thermsel
expansion of glass, cells of this type heve no appreciable tempersture
coefficient of capacity. Thus, there was effectively no variatien in
capacitence of the cell over the B0-degree range covered in this worke

Connection of the ocell to esch measuring circuit wes made by
immersion of the copper lesads B snd C (Figure L) in mercury contained

in small tubes, te the bottom of which the leads from the measuring eir-
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cuit were sealed with Glyptal cement. These leads were two copper wires,
13 in. long B. and S. No. 20 guage, kept sbout one inch spart by three
narrow pieces of lucite. The connecting mercury tubes were mounted on

s masonite board which also served to support the cell.

The cell was calibrated with dry benzene at 25.0°C. Assumimg
the velue of 2.27; for the dielectric constant of benzene st this tem=
perature (6), the geometric cepacitance (Cg) was found to be 68.0/5ﬂf.,
while the extraneous capscitence (Cy) including leads wes 9eT prfe

In the case of the Schering bridge the dielectric constant,
€'o, and dielectric loss, ¢!'p, were determined by the substitutien

mothod as follews:

cx = AC (1)
c’
Px = .OJEC_%AD (2)
t = Qx - Co
€' < (3)
o= epDy ()

AC andasD sre the bridge readings end Cx and Dx the actual values of the
parallel capecitance and dissipation facter of the unkmown. C' is the
cspacitance reading with the unimown discennseted, f, is the frequeney
setting of the range selector switch, end f the working frequency. The
simplicity of equations (1) and (2) results from the fact that in ne
cese in this work was the measured dissipation factor of the unimown
greater than Q.l.

In the case of the Twin-T circuit it was necessary to correct
the capacitence reading AC for the lead inductance L, in erder to obtain

the true capacitence Cx’ the relation smong which is expressed in:



- W (5)

1

AC

‘e

where © is the amguler frequency of messurement. L; was obtained from
& plot of 1/aC versus ®° as 9.9 x 10~ h. on the basis of two indepen-
dent determinations for the empty cell and for the cell filled with
benzene. The value of the internasl lead inductance of the precision con=
denser did not econtribute spprecisbly te Ll.

Bquation (5) defines the cerrection factor associated with L,

as follows:
¥ I 1 ¢4 @PLac (6)

Values of ¥ for varying AC at .55 and 1 Mc. are presented in Table I.

The unknown oapacitence was then given by:

- AC
Cx = ey (7)

the dielectric constant being obtained from Equation (3).

No other corrections of this nature were found to be necessary.
The conductance G was obtained by subtracting from the measured value s
emell amount equal to the value for the empty cell. The dielectric less
was cslculated from this es follows:

2
ere = G(f/fo) (8)
W Cg

where f is the nominsal switebh-pesition frequency end £ the frequency

of measurement,



TABIE 1

Correotion Factor ‘5 for leed inductance

100
110
120
130
140
150
160

170

055 Mc. 1 Mo.
1,001 1,003
1,004
1,005
1,002
1,006
1,007
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Materials

The cellulose investigated was a sample from Schleicher end
Schuell No. 589 Red Ribbon quantitative filter paper of an extra dense
quality, with a reported ash content of 0,007%. Microscopic examinetion
of the paper indicated it to be a rag furnish containing 75% bast fibre

and 25% cotton. The analysis was es follows:

d=cellulose 98.4%
pentesan 1.1%
cupriethylene diamire viscosity 15.7 centipoises

Saturated selt solutions to be used for conditioning the paper
at different water contents were prepared from the following reagents;
1) Lithium chloride == Baker's Analyzed, C.P. Grade
2) Potassium acetate —= Eimer & Amend, C.P. Grade
3) Megnesium chleride == Merck, Reagent Grade
L,) Potessium carbonate =- Merck, Reagent Grade
5) Magnesium nitrate == Merck, Reagent Grade
6) Ammonium sulphste == Merck, Resgent Grade
7) Ammonium phosphate == Merck, Reagent Grade
Absolute ethanol from the Csnadisn Industrial Alcohol Compeny,
Limited wes dried according to the method of Lund end Bjerrum (L43). The
reaction mixture was used as a source of dry vapor, the density of the
distillete at 25,00 h «05%C. being 47852 compared with 7850 reported by
Lund snd Bjerrum.
The semple of methanol used was dried in the same way as the

ethencl.



Method

A simple system shown in Figure 5 provided the means of equi=-
librating the paper in the cell at different vapor contents. The di~
electric cell was connected at A. B contained the vapor source, while
the equilibrium vapor pressure was measured to O.1 mm. with the U=tube
mercury msuometer C. The vapor content in each oase was determined to
less than 0.l percent using a quartz spiral mounted in the sorptien cell
D. Both cells end the vapor tube were thermostatted at 25.00 f .05°C.
in the semes water bath E. The buoysncy of the large sorptien cell in
the water was counteracted by mercury.

The quartz spirel, having a dismeter of 5/8 inch, wss capable
of supporting 100 mg. with & sensitivity of from O.l mg. to 0.0l mge.

The percentage vapor content of a 103 mg. sample of peper suspended from
the spiral by a smaell platinum hook was determined by the corresponding
percentage change in length of the spirel using a cathetometer reading
to 1 Q.0% mm. This corresponded to an error of less than O.l mg.
Hooke's lew was obeyed within the accuracy of measurement over the range
covered.

The reference from which all measurements were made was the
clearly defined bottom of the projection at F, while the extension of
the spiral was determined by the position of the top of the platinum hook.
These two readings wers always taken for each measurement. The differ=
ence Ar was =17.68 mm. for the spiral and platinum hook. With the dry
peper 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.
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FIGURE 5

Conditioning system.
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Water

A strip of paper was tightly wrapped around the imner c¢ylinder
of the dielectric cell between the spacers snd held in place by means of
Glyptal cement. The cell with the paper fitting snugly into the annular
spece was assembled and connected to the conditioning system, through
which it was evacuated with a Cenco Hyvec pump over a period of 20 hours
to bring the sample to drymess. The result was dry paper as defined in
this work, although there presumably remained a small residual amount of
weter which required more drestic methods for removal (33).

As a matter of fact, it is possible to estimate this residual
from date obtained by Wahba on the heat of wetting of standard cellulose
(63, 61). During the course of experiments planned to determine opti-
mum conditions for drying, it was found that the heat of wetting for
standard cellulose dried in wvacuo for 15 hours at 25°c. is 9.7 cals./gm.
dry meterial. This corresponded to a moisture content of O.Li%,which is
probably the value of the residual in the dry sample of this work.

A series of dielectric measurements (described below) was then
carried out.

The cell was then reconnected to the conditioning system and
filled with vapor from the potassium acetate solution, forty-eight hours
being allowed for equilibrium to be established. At this point the cell
was disconnected and dielectric measurements carried out as before.

This procedure was then repeated for each of the other salt solutions.
The criterion for moisture equilibrium of the paper was the constancy of

the egquilibrium vapor pressure as well as of the extension of thes quartz
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spiral, the paper on which was subjected to the same experimental condi-
tions of temperature and relative humidity as the paper in the dielectric
cell.

After equilibration at each moisture content a series of di=-
electric runs wes carried out at sach of several different frequencies
over & temperature range of -5800. to 26°C. The dielectric cell was
immersed in & dewar flask filled with toluene. Using a small Variac-
controlled heater, the temperature was raised to 26°C. at the rate of one
degree per minute. After the cell was sallowed to come to thermal equi-
librium, appropriste readings of capacitance and dieslectric loss were
taken. The bath was then cooled with dry ice and readings were taken at
regular intervals at successively lower temperatures down to -5800. For
each reading a cooling period of from six to eight minutes was provided,
and an additional ten minutes was allowed for the cell to reach thermal
equilibrium. The temperatures were read on a toluene thermometer, the
ice point of which was found to be correct within experimental error.
After reaching thes lowest temperature the frequency was changed and sim-
ilar measurements were made at increasing temperatures.

Thus, some of the runs were performed by going up the temper=
ature scale, other by going down. By determining a complete cycle at a
single frequency, it was shown that there wes no temperature hysteresis,
i.e., the direction of temperature 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 content, end in all cases

was found to be reproducible. Some slight exception to this generali=-
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zation was found in the work with methanol and ethemnol, snd will be des-
cribed in the next section.

With dry peper a marked temperature hysteresis was observed.
This resulted from the low thermal conduetivity in the evaﬁuated cell.
When dry nitrogen was sdmitted this effect disappeared without changing
the measured capscitence at room temperature. The nitrogen (and in other
ingtances the water vapor) thus served as the necessary heat conductor.

Measuremsnts with the cell, emptied of paper, and filled with
water vapor at the highest pressure employed in the work on dielectric
relaxation showed that the variation of electrical properties was negli-
gible with respect to temperature and to wster vepor pressure.

Before equilibrating the paper in the cells at a given vapor
content, it was necessary to remove from the vapor source any dissolved
gases which might be adsorbed by the paper in eddition to the vapor in
question. This was accomplished in some cases by simple evacuation, end
in others by a process of repeated freezing, evacustion, and melting, as

described by Archer (1).

Methanol and Etheanol

In the experiments with methanol and ethanol it was necessary
to avoid exposure of the stopcocks in the conditioning system to aleohol
vapors for the weeks necessary for a complete run (50). Furthermore,
since msthenol (50) and presumably ethenol cennot be completely removed
from cellulose by evacuation at room tempsrature, it appesred desirable

to use as reference for the messurements not only the paper in a dry
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condition but when containing these tightly held portions of alcohol as
well. The following modifications of the above procedure were accordingly
adopted.

Methanol vapor was admitted to the conditioning system at e
pressure of 60 mm., and allowed to remein in contact with the previously
dried peper for two hours. The system was then evacuated over a second
period of two hours. This process was repeated twice, the final evacus=
tion being extended over a period of twelve hours. At this point the
methanol content was 1l.7%. After a series of dielectric measursments was
performed as described above, the paper was conditioned to a methanol
content of 2.5% and a further series of dielectric measurements performed.
The paper was then subjected to a further process of alternate methanol con=-
ditionings and series of dislectric messurements up to a methanol con-
tent of 7.0%. Before each conditioning air was sdmitted to the system
t0 permit regreasing of stopcocks, after which evacuation was carried out
over a period of twelve hours, as before. With one exception, the smount
of tightly bound methanol determined sfter the evacuation was always re-
producible within experimentsl error.

After the experiments on methanol were completed, this resi=-
dual weas removed as follows. Water vapor was admitted to the system at
100Z R.H. and ellowed to remein in contact with the paper for several
hours. The system was then evacuated over s period of 15 hours, the
whole process being repeated once. In this way 85% of the residusl methan-
ol was removed, so that there remsined an smount equal to 0.2% by weight

of the dry psaper.
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The paper was then conditioned to an ethanol content of 8.5%,
after which dielectric measurements were performed, as usual. Evacuation
of the system for six hours left 2.3% residual ethenol none of which was
removed after a subsequent evacuation lesting 1ll} hours. Dielectric mea-
surements were performed at this ethanol content as well as at L.6 and
649% ethanol. Before each of the latter conditionings, air was admitted
to the system, this being followed by evacuation over & period of twelve
hours, as in the csse of msthanol.

Altogether, three samples of paper were employed for the di-
electric measurements in the course of this work. Sample F#1 was used
for the preliminary measurements on water, #2 for the major work on water,
while #3 was used for the work on methanol énd ethanol. The relaxation
date to be discussed later were reproducible, but slight differences were
found in the absolute veluess of dielectric constent and loss. These can
partly be sccounted for on the basis of corresponding differences in
sample size, and will in fect be discussed below in the section on the
analysis of the dielectric. The dimensions of the samples and th§ di=
electric cell as well as the appropriate volume fractions are presented
in Table II. It is observed that the geometric capacitance of the di-
electric cell calculgted from the cell dimensions is in good sgreement

with the value determined experimentally.
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TABLE II

Sample dimensions and volume fractions in dielectric cell

Sample Iength Width Thickmess Volume TWeight Density Vol. Fraction
# (ins.) (ins.) (ins.) (cc.) (gm) (em/cc)  in cell
1 885 2.63 «0063 2.40 1.251 o521 «630
2 8.91 2.59 2.38 l.182 496 «625
3 8.88 2.4, 2.42 1.202 496 o635

Diameter of Ouber eleoctrode = d, = 1,051 ins.
Dismeter of inner electrods = d; = 99l ins.
Length of Quter electrode =1, = 2,71 ins.
Length of imner electrode = 13 =  2.54 ins.

Volume of interelectrode space = Tl (d, + d;) (dg = d3)

= 3081 CC.

ol
(exptl.) = 6840 }fp&»

Geometric cap. of cell (calc.)
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RESULTS

Water

1) Preliminary
Preliminary results were obtained with a dielectric cell used

previously in this laboratory (25) which had not been designed to be
air=tight. Shifts in the position of the dispersion region for identi-
cal runs on successive dsys were as high as 20°C. At the same time
distortion of the shape of the loss curve was observed, the magnitude of
the effect varying from day to day. This was traced to varying smounts
of meisture condensing on the bskelite insulation between the condenser
plates during & rum. This in turn was caused by corresponding chemges
in the relative humidity of the air on successive days, tﬁe best curves
being obtained at lower relative humidities. Experiments performed on
the empty cell showed that the maximum veriation in loss could sppreach
values observed for the cell filled with paper. The spurious results
obtained were at once explained by the change in electrical properties
with moisture ocontent of the bakelite insulation as well as of the
peper itself,

This early work suggested the feasibility of seeking & correls=-
tion between the shift in position of the dispersion region in peper and
the smount of sorbed weter it contained. The eir-tight design of the
dielectric cell of Figure L made it suitable for this purposs. Moreover,
there was no danger of spurious results due to hygroscopic insulation,

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

Data was obtained at 1000 Kc. for psper containing water ad-
sorbed at 9 different relative humidities over the whole range; this is
presented in Figures 6a& and b. The dielectric constant &' is expressed
in terms of the measured capacitemce, aC = 3 (C,+t €', Cg), end the di-
electric loss in terms of the a-c. conductance G = W Cg &''s, the symbols
having the significsnce stated earlier.

As expeocted, the dispersion region is shifted to lower temper-
atures by an increase in relative humidity. The meximum in the loss
curve becomes an inflection point somewhere in the renge L5 to 65% R.H.,
snd finally disappears completely, so thet the curve sssumes en exponen-
tial form (Figure 6b). Associated with this is a marked imcrease in the
slopes of the dielectric ocomstant curve, the effect being meore pronounced
at higher temperatures.

In fact, at 97 and 100% R.H. the form of this curve is that of
two straight lines meeting at a point. One might be tempted to assume
that these points of intersection represent a phase transition of the
adsorbed water from ice to water. In such a case one would expect the
intersection to correspond to a higher temperature with increase in rela-
tive humidity. Since the opposite is, in faoct, the case, one must seek
elsewhere for an interpretation of the phenomenon. If ome assumes the
sorption process to be ome of solution (see Introduction) and assumes as
well the validity of the Cleusius-Clapeyron equation, then the ice point
for adsorbed water ocours below the temperature range of investigation

at relative humidities below Lj5%, the region of major interest in this
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work (61). In this ;egion then one would not expeot the results to be
complicated by the occurrence of a phase trensition of this nature.

If it is assumed that the fractional d-c. loss is the same for
peper as for the compound dielectric studied here it is impossible to
explain the high temperature rise in the loss curve in terms of ionic
conductance. An apprecisble d-c. contribution to the loss (less then
13% of the total) appesrs only st & R.H. of 97%, while the high tempera-
ture incresse in loss is observed alreedy at 65% R.H. Resolution of this
problem on the basis of high tempersture dispersion was likewise impossible
in the present work, since the experimental srrangement ruled out perfor=-
mence of the necessary measurements at temperstures higher then the range
investigated.

It was interesting to determine experimentally whether the
shift in the position of the dispersion region was a function of molsture
content or of relative humidity. Results on paper conditioned at L5%
ReHe by both adsorption and desorption are presented in Figures 7a eand b.
It is apparent that the results are not a function of reletive humidity
alone.

The desorption curves correspond to & higher moisture content
then those for adsorption, this being epparent from the increaseddielec=
tric constant sand less as well ss the disappesrsnce of the loss maximum.
This points to the moisture cgontent as the sppropriate varisble to be
observed in the study of the dispersion region shift. This is in agree~
ment with the fact that the d-c. resistance of cellulose likewise depends

directly on its moisture content (L6).
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FIGURE 6

Effeot of adsorbed wster on the dielectric constant of
peper &t 1 Mc.
Effect of adsorbed water on the dieleectric loss of paper

st 1 Mce
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The results reviewed esbove represent the preliminesry stage of
this work and in minor respects are slightly in error. For exsmple,
all the dielectric runs were started at the low temperature end of the
range investigated. The dielectric properties obtained in this way were
considersbly lower at the low temperatures thsn those obtained by the
improved procedure described earlier, and the effect was most marked at
the highest moisture content. This proved to result from condensation
of water from the paper on to the walls of the cell as it was immersed
in the bath, and yielded spurious results. However, the position of the
loss meximum was unaffected by this effect, since, at the frequency of
1 Mc. employed at that time, the temperature of meximum loss was presum~
ably high enough for the paper already to have come to equilibrium with
the moisture in the cell by the time the maximum in the loss curve was

attained.
2) Results

The water sorption isotherm at 25°C. of the paper used in this

work is shown in Table III end Figure 8. The adsorption brench lies a
little above the corresponding curve of Wahba (6) for stendard cellulose
at 30°C. Removal of the residual of 0.4% (see Experimental) from the
semple of paper used in this work would meke this difference more obviocus.
This is a good check om the method used here for determining sorption.

One would expect the game sorption isotherm in both cases, since the water
uptake of cellulose has been shown to be a fumction of the fraction of

smorphous substance, which is the same for all forms of native cellulose (33).
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FIGURE 7

a) BEffect of sorption hysteresis on the dielectric oconstant
at 1 Mo. of paper oconditioned at a reletive humidity of
Li5%.

b) Effect of sorption hysteresis on the dielectric loss at

1 Mc. of paper conditioned et a relative humidity of Li5%.
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TABLE III

SORPTION OF WATER AT 25.0°C

Rel. Vap. Pressure

Water Sorbed

per cent of Dry Weight

Adsorption
0.0 0.0,
10.9 2.25
alily Sely,
3l 40,
).[606 5‘314
5840 6.58
95.8 17.67 .
Desorption
52.1 7.).;,9
L2.8 6.h9
0.0 0.0
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FIGURE 8

Weter sorption isetherm of paper at 25.000.
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The measured electrical values are expressed in terms of the
dielectric constant and loss, €'s end £''s, of the multiple layers of
psper &s arranged in the dielectric cell. (', is equivalent to the term
"dielectric value® employed by Tausz end Rumm (59) and Brown (7). The
expression of ¢'s and ¢'!'2 in terms of the corresponding vaelues for the
peper as well as the cellulose fibre itself will be discussed later.

Results were obtained for water contents over the range 0 to
5¢3% at frequencies from 30 te 1000 Kc. These are presented as s fumction
of temperature in Tables IV to Vil and Figures 9 snd 10. Upon exsmination
of the data certain salient features are observed at once.

The temperature coefficient of 6}2 is everywhere positive. A%
the seme time absorption regions occur at the temperatures T, where (',
passes through a meximum, (¢€''s)p.¢ Ab & partioular moisture content,

& decresse in frequenocy causes & shift of I to lower temperatures, ss
well as a correspomrding increase in ¢'s at a particular temperature.
These effects of varying frequenoy are shown for dry paper in Figure 11,
and are qualitetive indications of dielectric relaxation due to dipole
orientation sccording to Debye theory (13).

The presence of moisture in the paper produced interesting ver-
istions in the datsa. First of all one notes the incresse in 6}2 often
observed previously (3, 7, 14, 59, 61). This follows logically from the
high static dielectric constant of water, 80, compared with 6 for cell=
ulose. In agreement with Veith the effect is more pronounced at the
higher temperatures. This is no doubt a reflection of the presumption

that the maximum effect is observed in the case of the static dielectric



TABLE IV

Dielectric Dispersion of Dry Peaper et 1000, 550, 100, 30 and 100

Kec.

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

€'y, €'y Temp. ¢y 'y Temp. €'s ¢€''p Temp, €'s &', Temp. &'y, €'ty Temp.
1.322 L0154 26,5 14266 ,0089 =56.0 1,297 .0082 =55.3 1.346 0047 26,2 1,297 .0108 =55.L
1.310 0160 1L4.6 1.277 .0106 =42.8 1.286 .0097 =42.1 1.341 .,0059 1L4.3 1.309 0111l =42,7
1.301 0160 L.8 1,286 .0120 =31,6 1.297 0107 =31.3 1.333 ,0071 2.6 1.319 .0102 =31.4
1.291 0152 =747 1.295 013k =19.8 14307 .0109 =20.3 1.326 ,0090 =9.2 1.326 .0089 =20.5
1.281 0140 =19.4 1.304 .0l43 =7.3 1.318 .0103 =7.7 1.318 ,0110 -21.3 1.333 .0076 =8.3
1.274 0124 =30.6 1.313 014, L3 1.325 .0093 2.5 1,307 .01l =32.6 1.341 0063  L.2
1.26L 0105 =L42.9 1.322 0138 1L.8 1.333 .0077 12.7 1.é98 L0110 =L43.L  1.346 0043 15.4
1,257 008l =56.5 1.331 .0125 26.Y 1.339 0063 22,6 1.286 ,0102 =55.7 1.352 .0036 25.7

-61.{—



TABLE V

Dielectrio Dispersion of Paper containing 3.3% adsorbed water at 1000, 550, 100, 30 snd 10 Kc.

30 Kce.

- 0§ -

1000 Kc. 550 Kc. 100 Ke. 10 Kc.

€'s ¢''p Temp. ', ¢'S Temp. €'s €'y Temp. €', €'', Tempe ¢', €', Temp.
1.399 0178 25.6 1.304 .0l49 -54.5 1.321 .0139 =55.6 1.435 .0103 25.2 1.352 .015L -555h
1.387 .0197 13.7 1,318 .0177 =42.7 1.338 .0153 =42.9 1.428 .0099 13,9 1.369 .01L9 =L3.L
1.372 .0211 2.5 1,335 .0194 =30.9 14358 .0157 =31.8 1.418 .0107 2.8 1.387 .013L4 =31.5
1.362 ,0215 =5.2 1,353 ,0205 =19,2 14373 0147 =21.1 1,409 .0123 =B8.2 1.402 .0117 =20.3
1,352 40218 =13.6 1,370 ,0201 =748 14388 ,0135 =100 1,397 .0138 =18.6 1.L412 0105 =9.6
1.342 .0213 =20.7 14384 0186 3.2 1.400 .0118 0.5 14381 0154 =30.8 1.422 .0099 0.8
1,328 40204 =31.6 1,399 0166 1LeO 1o411 ,0102 10.7 14362 0169 =43.6 1.429 0094 1l.6
1,312 ,0178 =43.9 1,407 0151 24,3 1.418 .0093 19l 1.3L41 0165 =56.0 1.439 .0100 22.8

1.29,

+0150 =55,.8
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TABLE V1

Dielectric Dispersion of Paper containing lj.0%dsorbed water

at 1000 Kc.
1000 Re.

3 €' Temp.
1.1420 0202 2047
1.1407 0216 9,0
1.396 .0227 -001
1 .381 00253 -11 01

1.368 0233 =19.7
1.353 0230 =29¢5
1,336 0217 =41.1
1.316 0190 =557




TABLE VII

Dielectric Dispersion of Paper containing 5.3% adsorbed water at 1000, 100, 30 end 10 Kc.

1000 Ko. 100 Kc. 30 Ko, 10 Ko,
€' €''o Temp. é's €''s,  Temp. €'s €''5  Temps €'p €'', Temp.

1453 L0234 20.4 1,363 .0197 =56.0 1.390 .0209 =56.5 1.534 0349 2940
1.4, 0241  10.2 1,391 .0201 =434 1416 0206 =43.6 1,516 L0269 18.5
1427 0250 =1.0 1.2, .0189 =27.4 Lo .0186 =31,0 1.501 .0216 7.7
1l.412 0260 =12.6 17 0169  =11.3 1.459 +0171 =18.6 1487 0177  =3.1
1.403 L0262 =22,6 1162 016l  =0.2 1473 L0167 =6.9  1l.473  .0161 =13.7
1.373 0258 =34.8  1.473 L0162 9.4 1485 0183 3.8 1461 L0156 =24.2
1.349 0243 =Ub.L 1.482 .0173 19.0 1.499 .0203 14.2 lohhly 0165 =3L.6
1.332  ,0225 =55,2  1.493 0196  28.4 1,511 ,0243  23.8 1,42, .0182 <lb.5

1.521 .0283  31.2  1.403 .0188 =56.3

-26 -
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FIGURE 9

Dieleoctric dispersion at 1 Mc., 0¢55 Mc., and 100 Kec. of paper

coxteaining adsorbed water at the inscribed percenteges.
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FIGURE 10

Dielectric dispersion at 30 and 10 Kc. of paper contein=-

ing adsorbed water at the inscribed percentages.

FIGURE 11

Dieleotric dispersion of dry paper at the inseribed fre~

quencies.
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constent.

A glence at tables of refractive index and low frequency di-
electric constent show much smeller absolute differences in the former
case then in the latter, especiaslly when one is considering polar li=-
quids like water. (The former case corresponds in general to differemnces

in optical dielectric oconstant, the relationship being

where n is the refractive index.) This is because dipole oriemtation is
involved in the measurement of ¢& o Put not in the messurement of €o0e
Thus, at temperatures below the dispersion region, the effect of water
on the dielectric constsnt of cellulose will be slight because only €oo
is imvolved. At temperatures above the dispersion region, on the other
hand, the effect is considerably greater because one is now concerned with
values of €qe

At the same time moisture ceuses a distinct increase in (€''s)pex,
This is presumebly a result of the increase in concentration of rotating
hydroxyl groups contributed by the water. A similar effect has been ob=
served in the cese of terylene (48), which, like cellulose, has hydrexyl
groups responsible for dielectric dispersion at cheracteristic frequen-~
cies and temperatures.

Probably the most significant feature of the results is the
shift of T towerd lower temperatures by an increase in moisture content.
This is shown in Table XVill together with the corresponding veriation

in (¢ '2 )ma.i The effect is similar to that produced by a lowering 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 decrease in the restriction to rotation. A
similar effect, observed previously in several other systems (11, 22, 52),
was mentioned in the Introduction. Tp for dry paper et 1 Mc. was 10%%.,
compared with 16°C. determined from Stoopst date for dry cellephane at
the seme frequency (57). The difference may be accounted for on the
basis of the residual moisture in the dry peper as defined in this work,
Stoops heving dried his semple by hesting at 105°C.

The high temperature incresse im ¢''p observed at the lower
frequencies and the higher moisture contents has already been mentioned
in the review of the preliminery results. The additional effect of fre-
quency observed here still does not point to its origin es either in
ionic conductance or in a high temperature absorption region. This is
easily seen by reasoning &as follows: If the effect has its origin inm
high temperature absorption due to dipole orientation, then a decrease
in the frequency of measurement ought to shift the abserption region te
lower temperstures. Ionic¢c conductence as well will menifest itself atb
lower temperstures the lower the frequency of measurement. Thus, unless
the temperature (or frequency, or both) ramge of investigation is wide
enough, it is difficult to distinguish between the two effects, as is the

cese in this work.

Methsnol and Ethanol

Results were obtained for metheanol contents of 0.0 to 7.0% at
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100, 200, 550, and 1000 Kc., and are presented in Tables VIII to XIII.
The effect of methanol on the dispersion region studied here was typically
the same as observed for water, although there were significent differ-
ences in degree in some imstances. E.g., the rate of increese °f@E"2%mx
with vapor content at a particular frequency wes significantly smaller
for methanol than for weter. This is to be expected on the basis of the
assumption that the dispersion region is due to hydroxyl groups, since
there are fewer groups per gram of methanol than per gram of water. This
point will be further discussed later. The same effect was observed for
the rate of incresase of'EJz with vapor content at a particular teméerature
and frequency, the rate being higher for water then for methanol. The
high temperature rise izléﬂ'z appeared at a higher vapor content in the
cese of methanol than in that of water. This is apparent in the less
curves at 100 Kc. for the two cases (Figures 9 and 12a). The compara=
tive effect of the two vapors in shifting the position of the dispersiom
region will be discussed in a later section.

In the meentime there sppears in the loss curves for methsnol
& characteristic breek between =20 and =10°C. not observed at all in the
curves for water. The effect becomes more marked at higher methsnol con-
tents; this is observed in Figure 1l2a showing the results at 100 Kc.
There is no corresponding bresk in the dielectric constant curves. Fur-
thermore, the effect appears only in the cases where the rums were per=-
formed by cooling. Thus, at 200 Kc., where the runs were performed by
heeting, the effect does not appear. This is likewise the cese where Tp

occurs in or nesr the temperature renge of bresk, &s in the runs at 550
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FIGURE 12

Dielectric loss at 100 Kce of paper conteining adsorbed
methanol st the inscribed percentages.
Dielectric constant at 100 Kc. of paper containing adsorbed

methanol at the insoribed percentages.
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TABLE VIIZ

Dielectric Dispersion of Paper containing 1.7% adsorbed methenol at 100Q, 550, 200 and 100 Kc.

1000 Kc. 550 Ko. 200 Ko 100 Kce

€'p €'y Teme 'y 'y Temp. ¢z €'y Tompe ¢z €'p Tomwe
1,272 L0110 =57.2 14278 0103 =56.5  1.290 009l =57.6 1.é91 0101  =57.2
1.280 .0129 =L6. 1.288 .0121 =45.2 1,302 ,0105 =h6.6 1,302 ,0112 =L7.3
1,288 .0l47 =35.2 1,300 L0138 =33, 1,312 L0118 =35.5 1,312 0120 =36.3
1,300 .01&h =22.6 1,310 L0151  =2l.;  1.324 0126 =23.2 1,325 L0119 =24.5
1.310 L0178 =1046 1.322 L0158 =8.5 1,336 L0121 =1l.), 1.336 L0111 -=13.0
1.322 L0185 0.7 1334 40152 3.2 1.346 L0111l =0.4 1.3l .0100 =2,6
1.334 .0180  13.3 1.347 L0138 15.5 1.355  +0095 9.8  1.352 .0084 72
1.34 L0165 24,6  1.355 L0125 25.7 1.361  +0079 19,5 1,359 L0068 1746
1,366 L0069 2847 14365 L0058  26.8




TABLE IX

Dielectric Dispersion of Paper counteining 2.5% adsorbed methenol at 1000, 550, 200 and

100 Kce

1000 Kec. 550 Kce 200 Kc. 100 Kc.
€'y, ¢'', Temp. €', ¢'', Temp. ¢'y €', Temp. €', e'', Tomps
1,280 L0122 -57.2 1.362 .013L 19.4 1.300 .0120 =56.3  1.372 L0071 19.3
1.288 Ol =h6.2  1.352 L0151 8.7 1.310 0131 =}jb.2  1.365 L0087 8.k
1.300 .0144 =~35.2 1.341 .01 -2.0 1.321  .0l42 =364 1,358 .0108 =2,2
1,312  .0178 =24.3 1.331 .Ol71 =124 1.333 LOLYy =25.3 1,350 ,0129 -12.)4
1.324 .0187 =13.1 1.319 L0166 =23,3 | 1.34), +0139 =14.5 1.338 ,0132 =23,7
1.334 +0187  =1ls7 1309 40154 =34.6 1.355 0132 =24 1,327 40135 =3L.0
1,346  .0185 8.6 1,299 0138 =L5.2 1.364 L0111 7.9  1.316 .0132 =}3.7
1.353 40173  18¢5 1.288 .0116 =58.0 1,371 .0095  18.4 1,310 ,0128 =490
1.36) L0162 28,2 1,377 #0082  27.3 1,302 .0120 =56,7
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Dielectric Dispersion of Paper containing 3.2% edsorbed methanol at 1000,

TABLE X

550, 200 and 100 Ko.

1000 Ko. 550 Kce 200 Kce 100 Kc.

€' €' Temp. g's ' Temp. €' ¢''s  Temp. €'s €''2 Temp.
1.291 OS5 =564 1.375 L0137  19.4 1,309 0128 =56,7 1,38 .0071 19.5
1.300 0166 =45.6 1.368 .0153 9.6 1.324 014}  -hh.7  1.380 L0084 942
1.310 .0180 =35.8 1,358 L0169 =0.6 1.336 40150 =34.8  1.372 .0105 =1.2
1,322 L0194 =25.5 1.347 L0179 =11.3 1,347 .0150 =2L.L,  1.365 0126 ~-ll.l
1334 40201 =14e7 1.336 .0178 =22,2 1,358  JOLLO  =14s9  1.353 0133 =2l¢6
1.347 .020} 3.7 1,324 0170 =31.6 1.368 .0129 L6 1.34); .0138 -29.6
1.358 .0194 6.3 1,315 L0160 =,0.1 1.377 0113 L.9 1.333 L0142 «=39.5
1,368 L,0183  17.2 1,306 0146 =L8.7 1.384 .0097 16  1.322 .0136 =47.9
1.375 L0167 2647 1,299 L0130 =57.0 1.390 0079  27.3 1,310 .0127 =573

-'[9-



TABLE XI

Dieleotric Dispersion of Paper containing %.9% adsorbed methanol at 1000, 550, 200 and 100 Kce

1000 Ke. 550 Ko 200 Kec. 100 Kc.
€'z &'y Temp. €2 ¢''p Temp. €'2  ¢&''p Temp. &'s  &''p Temp.
1.297 <0156 =57.0 1.386 014, 16.7 1.319 L0136 =56,7 1.399 .0072 19.4
1,310 .0180 =43.5 .1.377 016} 6.5 1.334  JOL47  =46.2  1.393 0086 9.3
1,321  ,0199 =34.4 1.368 0178 =2.0 1.347 0155 <3643 1,386 40105 =0.6
1.333 .0207 =25.2 1,359 .0l86 =10.5 1.359 L0153 =26.5  1.378 .012, =10.5
1.34 0212 ~15.8 1,350 L0190 =~18.4 1.369 0142 =17.1 1.369  .0133 =19.5
1.355 L0213  =7.1 1.343 .0188 =26.9 1.381 0134 =67  1e361 OLj2 =289
1.364  .0208 1e2 14333 0181 =3L.8 1,388 L0115 3.5 14352  JOLL6 =36,
1.371 .0199 10.2 1.325 O17h =42.5 1.396 .0103 12.5 1.343 O0L47 =43.0
1,380 L0187 18,7 1.315 L0161 «=50.3 1.399 0087 20,5 1334 L0l -=L9.7
1.386 0176 26,5 1,308 LOL7 -58.0 1.403  .0076  28.8  1.324 .0136 =57.8




TABLE XII

Dielectric Dispersion of Paper combtaining 5.4% adsorbed methemol st 1000, 550, 200 and 100 Kce.

1000 Kc. 550 Kc. 200 Ko, 100 Koe

E'o €'y Temp, e £l Temp. £'s &''s  Temp. €'s ¢''y  Temp.
1.321 L0191 =56.,8 1,418 .0152 18.4 1.3L); 0160 =57.3 1.430 0103 19.5
1.328 40204 «49.6 1.408 L0167 9.6 1.361  ,0169 =L6.7  1l.425 .0107 9o
1.339 L0215 =42.2 1,399 .0188 =0.2 1.372 0169 =-39.4  1.419 0124 0.1
1.350 .022], =33.6 1,390 .0200 -8.4 1.383 .0165 =31.2 1.4l L0141 =9.4
1.361 .0226 =26,2 1,383 L0210 =15.7 1.392 L0158 =24.3  1.403 .0l42 -19.3
1e369 #0226  =1947 1.37h4 L0211 -22,) 1.403 L0147 =13.8  1.394 .0154 =27.1
1.380 40225 =11,3 1.366 .0212 =-28.6 1412 L0L40  «l4.2 1,384 L0162 =35,0
14390  .0220  =3.7 14359 .0212 =35,1 l.419 .0127 5.8  1.375 0166 =hl.L
1.399 .0213 Le7 14352 0207 =42.1 1.425 ,0108 16.3 1.366 0167 =476
1.406 .0199 140 1.341  .0199 -L9.2 1.428 L0100 25,2  1.358 .0166 =53.4
loil2  .0183  2holy 14330  .6188 =58.0 1,350 .0162 =580




TABLE XIII

Dieleotris Dispersion of Paper comtaining 7.0% adsorbed methanol &t 1000, 550, 200 and 100 Ke.

1000 Kec. 550 Ko 200 Ko. 100 Kc.

& '2 6'2 Temp. 6'2 P '2 Temp « é '2 et '2 Temp. éfz &! '2 Temp .«

1.356 0235 «57.5 1l.52 ,0202 19.7 1.386 .0205 <56.6 1475 0208 17.7
1.368 L0246 =49.6 l.hhh L0206 11.3 1;396 0206 =51,1 l.472 0196 9.8
1.380 .0250 =43.3 1437 L0212 1.6 1.405 .0209 =45.. l.466  .0185 1.7
1,388 .0255 =37.4 128 .0218 =6.6 141 .0205 <40.0 1.459 .0182 =6.8
1.400 L0258 =29.9 1422 .,0223 =13,6 142l 0200 =33, l.452 .0182 =15.2
1.411  ,025L =22.; 1.415 L0226 =20.2 1,433 L0195 =27.2  l.yl3 .0182 =23,3
1.421  ,0248 =15.0 1.405 .0230 =27.5  1l.42 '.0190 ~19.7  1l.434 .0186 =30.5
1430 0246 =6.7 1394 0232 =3L.T 1450 L0188 -12.2  1.425 L0191 «36.6
1.440 .0238 3.5 1,387 L0232 =40.6  1l.459 .0188  -2,0  1.419 .0194 =L4O.4
1446  .0230 13,4 1.378 0229 =ib.2 l.465 .0188 66 l.412  .0196 <45.3
1.,1,50 .0222 22,5 14372 L0226 =51.,0 1.469 .0189 16.4 1.405 .0196 =L9.6

1452  .0219 2749 1e361 40219 =5843  LJ47L4 <0196 2646 14399 0196 =53,6
10392 00196 '58.0
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end 1000 Ke. (see Table XIX)e

Results were obtained for ethenol contents of 0.0 to 8.5%
at 100, 200, 550 end 1000 Kc. and are presented in Tebles XIV to XVil.
After completion of the runs on paper conteining 8.5% ethanol, it was
decided that each subsequent run should be performed over a complete
temperature cycle in order to determine the existence and the nature of
the effect described above for methanol. The results at 100 Ke. for
peper centaining L+6% ethenol are shown in Figure 13 and are believed
to represent this effect in a typicsl fashion. It is shown to be a hys=
teresis of some kind occurring over the temperature renge - 20 to 20°¢. ;
the bresk in the curve obteined by cooling occurs in the range =20 to -10°C.
as with methenol. Also as in the csase ﬁith methanol there is no corres-
ponding irregularity in the éﬁz curves. If the effect were due to some
second-order phase tremsition, the hysteresis could be explained, al=
though there is no reason why this should not also appesr in the é}z
curves. The facts point to its occurring over the same temperature range
in the case of both methenol and ethanol; +this mey signify some effect
which both substences heve on cellulose.

In other respects, the results for ethanol stoed in the same
relation to those for methanol as the latter did to those for water. No
high temperature incresse in é}'a was observed in any of the ethanol cur-
ves. The variation of T, and (éf'a)max with vapor eontent in the three

cases is shown in Tables XVIII to XX. It wes found that when (€'',)

was plotted against vapor comtent the plots were lineer within experi-

mental error; furthermore, there was a characteristic slope for each



TABLE XIV

bielectric Dispersion of Paper containing 2.3% adsorbed ethanol at 1000, 550, 200 and 100 Kc.

1000 Kc. 550 Ke. 200 Koe 100 Ke.

€'2 €''2 Tempe LTy  (''p Temp. E'l2 &'’z Temp. &'z &''p Temp.
1.280 L0121  =57.3 1,287 L0117 =57.2 1.299 L0115 =56.4 1,302 .0120 =57.6
1.286 OO0 =49.0 1.296 L0131 =49.6 1.368 0126 =LB.6 1.310 L0131 ~=48.8
1.294 W0159 =40.0 1,302 .0L45 =4l.6 1,315 .0136 =~4l.2 1,319 L0138 =4l.2
14303 L0178  =30.8 1.310 40158 =33.l 1.324 LOL4ly =328  1.330 L0139 =32.5
1.312 L0187 =22.3 1319 0168 =24.6 1e334 .OL4ly =240  1.340 .0135 =22.9
1321 .0196 =13.2 '1.327 0172  =16.);  1le343 L0142  <15.3 1.347 0126  =1h.6
1.328  ,0199  =L.5 1,336 L0172  =8.6 1,352 0132 =6.6 1,355 L0118 =6.6
1.337 L0194  4#3.4 1.34L4 L0167 0.2 1.359 .0124 1.9  1.362 ,0112 1.6
1l.346 0190 12,2  1.352 .0153 10,3 1.365 0103 11.3 1.368 ,0096 10.8
1.353 L0178 21,3 1.361 L0135 204 1.371 L0090 20,1 1,372 L0075  19.0
1.359 .0169 26.8 1.377 .0072 28.7 1.375 .006L 25.6




TABLE XV

Dielectric Dispersion of Psper containing L.6% edsorbed ethanol at 1000, 200 snd 100 Kc.

1000 Kc. 200 Kc.

la @'2 Temp. L'p g''p Temp.  g'p  £''p  Temp.

1374
1,365
1.356
1.349
1.338
1.330
- 1.321
1.312
1.300
1.290

1.300

0177
+0187
0199
.0207
.0210
.0208
«0399
.0187
.0171
«01L6
.0166

2%3.3
14.8
5.6
~3.y
-12,3
21,2
-29.3
~37.L
<416.3
“56.7
-47.6

1.388
1.384
1.378
1.371
1.364
1.355
1.346
1.336
1.325
1.318

1.310

0079
0097
.0121
0142
.0150
0155
0158
.0158
0152
017
0134

23.9
15.0
6.0
2,6
-10.8
~19.3
-28.2
=36.7
=118
=50.5
=57.2

1.388
1.384
1.380
1.375
1.368
1.361
1.352
1.343
1.334
1.322

1.312

+0059
007l
0092
0122
.0123
013l
01,2
.0150
0151
«OLL7
0137

25.2
16.l
8.1,
Q.0
=8.7
-16.9
=25.2
=334
=l1.3
4947
574

-/l9 =



TABLE XV (Comt'd.)

Dielectric Dispersion of Paper conteining L.6% adsorbed ethanol at 1000, 200 and 100 Kc.

1000 Kec. 200 Kce. 100 Ke.
e'y g''y Temps €'y ¢’y Teup. €'y €&''p Temp.

1.308 L0183 =L0.6 1.322 ,0152 =L7.7 1l.322 L0147 =51.1
1.316 L0197 =31.5 1.331  .0l0 =39.7 1.333 L0153 =L3.1
1.328 ,0206 =22,6 1,344 L0163 =29.5 1.341 .0152 =3L.7
1.337 .0213 =14.3 1.355 L0158 =21.4 1.353 .Ol46 =25.1
1.346 L0211 =5.2 1.36L .0153 =13.2 1.362 L0134 -16.3
1.355 .0204 L4e8 1.371 .0Ll42  =3,6 1.369 .0121  =7.6
1.36F .0195 13.3 1,378 013l S.4  1.375 .01l 0.6
1.372 ,0178 22,6 1.384 .0115 14,7 1.38% L0106  10.3

1.390 ,0089 24,5 1.386 L0074  19.8




TABLE XVI

Dielectric Dispersion of Paper oontaining 6.9% adsorbed etheanol at 1000, 200 and 100 Kc.

1000 Kece. 200 Kc. 100 Ke.
é_'g é"a Temp. é_'e é" '2 Temp. 6'2 é_' '2 Temp.

1.386 L0173 25.8  1l.402 .008 24,5  1.400 L0058 25,6
1.377 #0190 1643 1397 0100 15.L,  1.399 40075 16,8
1.371  +0208 76  1.393 L0131 647  1.394 <0107 8.3
1.362 .0218 =1.2 1,386 .0150 =2.4 1.390 .0125 =0,8
1,352 40221 =10.4  1.378 L0157 =10.8  1.383 L0136 =9.7
1.341 .0220 =18.8  1.369 L0161 =18.7  1.374 .O0137 =18.8
14333 L0215 =26.8 1,359 L0168 =26.5  1.365 LOL47 =26.5
14322 ,0208 =3L4.5 14350 L0171 =34.5  1.356 L0156 =3L.6
1.315 L0199 =L12,3 1.340 L0166 =}2.4 1.346 0160 =L3.3
1.306 <0180 =50.L  1.328 0163 =50.0  1.336 ,0159 =49.7



TABLE XVI (Cont'd.)

Dislectric Dispersion of Paper containing 6.9% adsorbed ethanol at 1000, 200 and 100 Kce.

1000 Kc. 200 Ke. 100 Kce.

6'2 é_"z .Temp. é'2 é"z Tempe 6'2 é-”2 Tempe

1.297 .O0l6h =57.8 1.318 LOLL9 =58.2 1.325 L0151 =57.5
1,306 0178 =50.7 1e331 40165 =50.1 1.336 L0159 =50.0
1.315  .0194 =43.6 1.340 .0171 =43.0 1l.343 .0Lé1l =43.8
1,325 40208 =345  1.352  JOL7L  =3Le7 1.353 L0162  -36.6
14337 0218 =25,2 14362 40169 =25.7 1.364 L0154 =28.1
1.347 0225  =15.7 1.37h 016, =17.5 1374 <0143 =19.7
1.359 0222  =5.7 1.383 L0152  =7.4 14383 L0130 =10.2
1.371 .0214 L.5 1.392 0Ly, 2.3 1.388 L0121 =17
1,380 40199 1542 1.397 40129  11.5 1.394 .0122 5.8
1,387 L0176 26,2 1,02 .0195 22.5 1.399 .0l13  15.5

1402 0074  24.6

-0l -



TABLE XVIT

Dielectric Dispersion of Paper containing 8.5% adsorbed ethamol at 1000, 550, 200 and 100 Kc.

1000 Kc. 550 Kee 200 Kc. 100 Ke.

E's &', Tempe g, g'', Tempe £, g'', Temp. €' &', Temp.
1.409 .0183  20.8 1l.415 0133 24,3  1.340 0163 =56.8 1.2 .007L4  23.9
1.400 L0197 12,4 1.409 L0151 15.6  1.353 L0176 =49.0  1.421 .0082  15.8
1.394 .0211 3.9 1.402 L0170 7.3 1,364 L0179 =41.8  1.418 .0091 7+5
1.386 .0222 L7 1l.394 0187 =1.2 1.375 0177 =33.6 1.4, .0109 =045
1.377 .0230 =12.8 1.387 .020, =-10,0 1,387 .0168 =25,0 1,408 ,0130  =B8.5
1,366  .0230 =20.5 1.377 0210 =18,3  1.397 .0155 =16.4  1.400 .0146 -17.2
1.356 .0228 =29, 1.366 .02l =26.3 1.406 ,0145 -8.2 1.390 .0153 =25.3
1.34); 0220 =37,7 1l.356 021, =33,7 1.1, .0129 0.8 1.380 .016L4 =33.5
1.33 40205 =446.7 1.34)y 0209 =Ll.6 1.419 .0108 10.5 1.369 .0168 =41.3
1.321 L0185 =56.3 1.33L4 0197 =49.5  1.42L, .0095 19.8 1,358 .0169 =L49.8

1.32)y L0183 =56.8  1l.425 .008 26,6 1,346 0165 =57.7

-1l -



FIGURE 13

Dielectric dispersion at 100 Kc. of peper containing L.6%

‘adsorbed ethanols
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vepor, the ssme velue being obtained at each of the frequencies used.
The best lines in each case are shown in Figure 1li. The slope of each
line signifies the increase in loss dus to one grem of added wvapor.
Expression of this increase in terms of added hydroxyl groups ought to
be a good test of the assumption that the dispersion region here studied
is due to these groups. In Table XXia the increasse in loss due to one
gram of hydroxyl is shown for each case. The agreement is surprising
when one considers that the logical basis for comparison should be the
area under the ¢'', curves rether than (éf’a)max, since in all probs-
bility a distribution of relexation times is involved. Extension of the
temperature range of investigation here employed ought to meke such com=
perison possible.

This is more reedily seen by comsidering similar calculations
made for terylenme, a polyester which, like cellulose, is characterized
by a dispersion region attributable to hydroxyl groups (48). Teryleme
is normelly L0% crystelline, but can b; obtained as a completely amor=-
phous material. Dielectric data were obtained for both forms in the dry
as well as in the wet state. The evidence shows that water is absorbed
by the amorphous polymer, or into the emorphous regions of the partially
ocrystalline material, as in the case of cellulose. Also, it is omly in
the amorphous regions that the dielectric process operates which is res-
pongible for the losses. Although these losses ere different for the
two forms, ome would expect the less per gram of added water (or per hy-

droxyl group) to be the same., Equivalent expressions for this perameter

are presented in Table XXTb. Calculation directly from L''p.y gives
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FIGURE 1,

e .
Effect of vapor content on ( & N )ma.x
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results deviating from the average by 5.8% while the deviation obtained
by using es criterion the area under the ¢'! curve is only 3%.

Sillars, as quoted by Reddish (48), found that the area under
&''=1n £ curves is in the same relation to the number of dipoles ard
their moment whatever the disgtribution of relaxation times. In an ideal
case where a single relexation time is involved this area is T¢! 'm,a.x s0
that ('',.x cen be regarded as a direct measure of the number of dipoles.
However, when there is a spread of relsxation times, this is no longer
the case, end one must then resort to measurement of aresas.

It must be kept in mind thet in Table XXIa the loss is expres-
sed in terms of the compound dielectrie cellulese~-vaper -- vapor, as
defined in the Anelysis of Dielectric, while in Table XXIb the less is
a direct property of terylene. Comparison of the measurements for the
two polymers is therefore diffioult umder these conditions, but can be

ettempted in an approximete menner as shown in the Discussion.
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TABLE XVIII

Varietion of Tp 2nd (€''o)pax With amount of water adserbed.

Frequency Rel. vep. press. TWeater adsorbed: per &''p .. Tm(°c)

(Keo) cent of dry weight
1000 0.0 0.0 .0160 10
22,3 3.3 .0218 -12
32.)4 }400 00233 "17
).}606 5 03 ° 0262 -21
550 040 0.0 01, 0
L6e6 5.3 - -
100 0.0 0.0 +0109 -2l
22 03 3 '3 00157 -35
Ll.éo 6 5.3 00201 "').}7
30 0,0 0.0 «011); =326
2205 3 03 . 0169 -Ll.a
Lé.6 5¢3 - -
10 000 0 . O 001 11 -).}8
2243 343 - -

)4,606 5.3 - -




TABLE XIX

Veriation of T and (€'15)ax With amount of methanol adsorbed

Frequency Rel. vap. press. Methenol sorbediper (gjzhax Tm(oc.)

(Eeo ) cent of dry weight *

1000 0.0 1.7 +0185 0

906 205 00187 "7

19'3 3 o2 «0201 =10

32. 1l 3 09 00213 -13

57 ol 5 oLl. .0226 =21

75.5 7.0 .0258 =28

550 0.0 1.7 00158 "'8

9.6 2.5 L0171 =15

1943 3.2 0179 =16

320 1 3 09 . 0190 -19

57 ol 50)4 00212 -26

7545 7.0 «0232 =35

200 0.0 1.7 0126 =20

906 2.5 001)4)4 "27

1943 3.2 0150 =31

320 1 3 09 00155 -32

57 Ol 50).‘. 00169 -)4,1

75.5 7.0 «0209 =47

100 0.0 1.7 0120 =30

9eb 2.5 0135 =3

19.3 3.2 OL2 =37

3201 309 ’01)-"7 —hl

57.1 5oLy <0167 =47

7545 740 - -
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TABLE XX

Variation of T, and (¢! '5)pax With emount of ethanol adsorbed

Frequency QRel. vep. press. Ethsnol sorbed:per (é:)me.x Tm(oc.)

(Kc. ) cent of dry weight
1000 : 0.0 2.3 .0198 -5
25 07 L|.06 00210 "12
).}000 609 00222 "'13
65.1 845 : 0231 =21
550 0.0 2.3 0172 =13
23 .7 ).l.oé - -
)40'0 6.9 - -
651 8.5 021 =30
200 040 2.3 O, =25
23.7 L6 0160 =32
4040 6.9 0172 =35
65.1 845 0179  =j0
100 0.0 2.3 0140 =33
23,7 L.6 0151 =39
L[.OQO 6.9 00161 -L]}.I.

65.1 8.5 0170 =47




TABLE XXJIe

Increase in (¢! '2)ma.x for cellulose due to the hydroxyl groups

of the adsorbed vepore.

Loss Dev? Moleculsr  Loss Dev®
Vapor adsorbed per ge from wte of per g from
vepor avg. (%) vepor OH avg.(%)
Weter «00188 L'.B 18 «0020 0
Methanol «00140 10 32 «0026 30
Ethanol »00052 59 Lb <0014 30
TABLE XXIb

Increase in losses for terylene due to adsorbed waber vapor

% €''pax Aree under Chenge in  Change in
Material Adsorbed eat €'t = Inf €''max POT  area per
water 0°. curve at gm. added  gm. added
0%. H,0 Hp0
4 (] dO'Vn
Crystalline 0.00 0,041 0el418 }_ ) ?rg;?n 116 Z;qm
«0. 09 e b Be
Crystalline Ol 0,059 0.602 = =
5.8 340
Amorphous 0600 04067 0.706
0460 o390
Amorphous 0.64 0.096 0.958

Source of dsta (4,8)



DISCUSSION OF RESULTS

A series of experiments was performed over a frequency range
of 30 to 1000 Kc. and temperature range of =58 to 26°C. The dielectric
was a compound one consisting of a paper mede of pure cellulose contain-
ing varying emounts of adsorbed vapor, end the vapor itself at varying
pressure. A dispersion region was found for dry peper oorresponding to
that previously discovered for dry cellophene, a regenerated form of
cellulese. It was found as well thet adsorbed water, methanol and ethanol

cause this dispersion region to be shifted in a systematic way.

Analysis of Dielectric

The arrangement in the experimental condemser was that of
layers of peper alternating with layers of vapor, the layers being parsi-
lel to one another and to the electrodes. If a cross=-section of the
cell is teken perpendicular to the leyers, the arrangement is & spiral
one as shown in Figure l15a.

The dielectric constant and loss of this compound dielectric
are referred to as 6}2 end £''5s respectively. Following is a methed of
celoulating from these measured values the corresponding ones é}l and
é}'l for the paper itself, and finally, €' for pure native cellulose.

For the celculation of é}l.and.éj'l & model wes chosen of n

leyers of peper alternating with (n + 1) layers of vepor, as shown in

Figure 15b. C; is the capacitanee of the vapor layer (assumed to be a

pure cepecitance), while Co and G, are the parallel capacitance end con=



ductance for a single layer of psper. Cp and GP represent the measured

capacitance and conductance. It is assumed that G22<< «2:2022, 80 that all

powers of G, higher thean the square can be neglected. An equivalent con-

dition is thet (é']'_)2 K (¢4 )2. This is true to within less then 0.1%

for the data of Table XXil, and consequently for the major part of this

wWorkae
.The admittence of the model, Y, can be shown to be given by:
: 2
C nC
2 @ L+ 3 ,
[ncl +(n+ 1)cé} [ncl +t(n¢ 1)02}
Whence s
c
1
cp = 0o
nC, + (n41)C,
3 1
G = 6|24 ~ | %
P

L(ncl 4+ (n 4 1)(':53

These equations are expressed in terms of dielectric constants and losses,

thus:
él - ét 1 - 7 1
y ! Iva/v s XAY) j )
€''2 =& (3.2.%[ 1 jB/Z (2)
v Va/‘v 4 é'lvlﬂj
Combining (1) and (2),
| 5 3/2
e M (6'1) (3)



FIGURE 15

Model for dislectric.
a) Actual arrangement.

b) Theoretical medel.
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VE/V represents the volume fraction of paper in the cell and Vl/V :.
l- Vé/V. Equation (1) is the same as that obtained by Argue and Meass
for a similar model (2).

In Table E are given values of £'jand ¢''; calculated from
the experimentsl results at 1 Mc. for paper containing O and 5.3 percent
adsorbed water. The loss data are plotted in Figure 16. It is appar-
ent that the position of the absorption region is affected wery little
by the trensformation of the properties of the compound dielectric to
those of the peper itself. In the case of the results for 5.3% water,
the wvalue of VQ/V was determined as 0.635, on the assumption that the
volumes of cellulose and water are edditive (L), and further assuming that
the changes in volume of the fibres were duplicated in similar changes
for the paper. All subsequent values of VQ/V reported were calculated
on the basis of this essumption. Because of the low coefficients of
thermal expemnsion of cellulose (19), Vo/V veried over the temperature
renge covered by only about 0.2%, which is well within the experimental
errore.

All values of €'s reported up to now were ocalculated on the
besis of C, = 9’7‘ﬁ*£’ (see EXPERIMENTAL, Dielectric cell). Actually,
this was velid only for paper semple j#l, while for semples #2 and #3 the
true value was 9.0‘ﬁpf. Correction for this change in C, involves a
simple eddition of 0.010 to the reported values of €'s, while ¢'!5 is
not affected at all. All tebulated values as well as all subsequent gra=-
phical values of €'s are corrected for in this way.

Delevanti and Hensen (16) showed that the relationship between
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TABLE XXII

Dielectric dispersion at 1 Mc. of paper containing 0.0 and 5.3% adsorbed water

0.0% Water

5¢3% Water

Tomp. € € €', €, Tomp. €y €, €, e
2645 1.322 1,638 <0154 <0268 20.4 1.1453 1.964 «023); «0L62
he6  1.310 1,610 L0160 0276 102  lehldy  1.939 L0241 L0471

Le8 1,301  1.587 40160 0273 =10  1.427 14891 L0250 L0479
“Te7 1,291 1.563 #0152 00256 =12.6 1.,12 1.850 «0260 +0490
=19.; 1,281 1,540 L0140  .023L =22,6  1.403 1,826  .,0262  ,0L88

-30.6  1l.27h  1.525  L012  ,0205 “3l1e8 14373 L7488 L0258  L0L65

~42.3  1.264 1,502 L0105 = .Ol72 =L6y  1e349  1.688 L0243  .0L27

=565  1.257  1.486  .008)  .0137 =55.2 1,332  1.6L46  .0225  ,0388




FIGURE 16

Effect of the treansformation of ¢''s, to £''; on dielectric
dispersion at 1 Mc. of paper containing 0.0 and 5.3% adsorbed

water,
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the density and dielectric consteant of psper is expressed by a Clausius-
Mosotti type of equations

1ogn
€142

"
]

(L)

where 4 is the density end K is a constent for e particular fibre. These
results were confirmed by Calkins with an improved apparatus (8).

Thus, by means of equations (1) and (4) it is possible to cal=-
culate absolute values of the dieleetric constant for cellulose from
values obtained for the compound dielectric paper-vapor. 1In Tablo:zziii
is presented for dry cellulose at 25°C. a comparison of the results of
Brown (7), Calkins (8), end the present author. Brown measured €Y for
an experimental errangement similar to the one used in this work. His
velus for V2/V was 0.648. From this and using equation (1), €'y was oal~
culated, this corresponding to the measured sample density of 0.610.
Using equation (L) &' was obtained for the cellulese fibre, assuming a
density of 1.55 (33). Also, &'s was caloulated for Vz/v = 0,625 and
a semple density of 0.496, corresponding to the arrangement in this work.
Calkins measured &'y directly; €', end €' were obtained as described
above, €' corresponding to the arrangement in this worke.

If it is sssumed that the fibres in the samples examined were
in s plane perpendicular to the electrical field then the differences in
the results of the various workers mey be accounted for at least partielly
on the basis of the dielectric anisotropy of cellulose. The transverse

end axial dislectric constemts of the cellulose crystallite have been



TABLE XXIII

Dielectric constant of dry cellulose at 2500.

Data Material Freq. Reported Values Reocalculated Values
: (Kes )
Density Diel. Const. e'z e
Density = 196
(VZ/V - .6)48) VQ/V = .625
Brown " linen peper 300 «610 &lo = 14363 1.282 3.76
Calkins cotton peper 1 o8 €1y = 2.2 1.364 594
X

0 J2y gy C2TUPL Lk -
paper of v i 1.351 1351 48

rrosent 2L fon e ”
1 1.357%  1.357 5467

k Estimeted from the results at other frequencies
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found to be 5427 and 7.19, respectively, at a frequency of 300 Kc.(7)e
In cotton the fibrils are arranged spirally about the fibre axis wherees
in linen they are nearly parallel to the fibre axis. Thus, when dielec-
tric comstants are measured transverse to the fibre axis, the values
should ircrease in the order linen, linen 4 cotton, end cotton: the re-
sults given in Table XXIIl fall into this order.

Using the seme method, it is possible to obtain the dielectric
oconstant of cellulose as & function of vapor content. Calculations were
made from deta at 1 Mc. and 20°C., end the results ere shown in Table
zzii. The variation of fibre density with water content was obtained
from Hermsns (33). It was assumed that methanol end ethanol had no ef-
fect on fibre density. If the date on water are any oriterion, there
being little change over the range studied, this assumption eappears quite
logicals

The values of &! are plotted versus vapor comtent in Figure 17.
The rate of increase of £&! increases in the order ethanol, mathanol,.and
water, the changes in the case of ethanol being very small. E.g., at
543% vapor content, ethanol has produced a percentage change in €&! of
only 18, while the corresponding chenge in the case of water is as high
as 100%. The values of &' for dry peper in the curves for water, and
for methanol end ethanol correspond to the values for paper samples #2
and #3. The percentage difference is only 2, which is a good check on

the reproducibility of the resulis.
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FIGURE 17

Dieleoctric comstant of cellulose at 1 Mc. and 2090.3 ita veria-

tion with ameunt of vapor adsorbed.
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TABLE XXIV

Dielebtric constant of cellulose at 1 Mc, and 20°C.:

its variation with amount of vapor adsorbed

sample fibre
% Weter Ve density density €'s AN Al
0.0 +625 1496 1.55 1,315 1.621 L6
3.3 «630 «509 1.56 1.397 1.822 6.80
4.0 632 .510 1.55 1.418 1.874 7454
53 635 51 1.54 1.453 1.965 9.08
% Methanol
1.7 638 «503 1.55 1.341 1.663 L.78
2.5 «6L0 «505 1.354 1.690 5.0l
3.2 640 «508 1.368 1.725 539
349 +6l3 +510 1.380 1.749 5.6
N Q46 515 1.410 1.819 6.L6
740 648 o521 1.448 14914 783
% Ethemol
2.3 640 o504 1.55 1.353 1.688 5.0l
L6 L6 o511 1.371 1,721 5.28
649 o8 520 1.382 lo7hly 5436
845 +651 o526 1408  1.802 5493
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Applicatior of the Theory of Absolute Reaction Rates

In all cases in this work the linearity of the plot of log M
versus 1/& permitted analysis of the data in terms of the theory of ab=-
solute reaction rates (25, 28). As shown in the Introduction a free

energy of activation for relexation is defined:

- kT e-AFt/RT

h

Q-

or, breaking up the free energy term into the entropy and enthalpy of

activation,

. ~aR /RT efs*/n

o |

i
T

k and h are the Boltzmenn and Planck constants, respectively, and T is
the ebsolute temperature. All values of AFt, cﬂfﬂ and sk reported

here are for the temperature 298°K. and were calculated as follows:

AFjt = 1364 [12.793 + 1og"\"]
AFE  z L5760 - 592

Xk - 1 -
ASK = T AR AFt?

A.(lsr)
The plots of logTW versus l/T for paper containing adsorbed

water, methenol, end ethanol, respectively, are presented in Figures 18,

19 and 20. From these plots T was determined in each case at 298%K.



FIGURE 18

Leg 'T versus 1/T for paper containing 0.0, 3039, and 5.3% ad-

sorbed water.

FIGURE 19

log T versus l/T for paper containing 0.0, le7, 25, 3.2, 3.9,

Seli, and 740% adsorbed methanol.

FIGURE 20

Log T versus 1/T for peper containing 0.0, 2.3, L6, 649, and

8.5% adsorbed ethanol,.
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These values of T as well as of 0, AFt,AHk, end ASt are presented in
Teble XXV.

Let us first consider the datae for methanol. The varietion of
each of AFX, AHK, ang ASK with % adsorbed methanol is shown in Figure
21. Following directly from the trends in T, AF® is seen to decrease
quite repidly et first, levels off in the range 3 to L% and then proceeds
‘to decreese further although not nearly so rapidly as previously. On the
other hand, both AHX and ASX go through a pronounced meximum at 2.7%

A glance at Table XXV indicetes that the data for water in all
probability shows similar trends, AHt and ASI pessing through mexime
quite close to 2.7%. These trends are observed as well for ethanol, as
indicated in Figure 22,

At 2.7% then the restriction to dipole rotation is at a maxi-
mum in ell three cases. It is interesting that at this same point (for
water ) the density as well as both refractive indices of netive fibres
likewise have a maximum value (3%3). One might expect the same to be the
case for methenol and ethanol. Perhaps the decrease in height of the
A.I-'Ijt and ASt curves as one procedes from water to methanol reflects &
corresponding decrease of the density effect in the three ceases.

The picture, however, is not complete. It is necessary to
reconcile the absence of & meximum in the AFX curve together with its
presence in the corresponding curves for ASX and ABR., Similar non-
perellelism in the trends of the three quentities has been frequently

observed in chemical reactions in solution and is characteristic of phase

chenges (56). Lerge parallel chenges in both AEY and aS¥ for the most
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TABLE XXV
Eveluation of Free Energy, Enthalpy & Entropy of

Activation for Relaxation for Paper at 298°K.

T e aapod Fr(feig? y = (?cg:ls +/nole) (koﬁ:./ﬁole) (Aes: )
0.0 69.2 2060 8484 T+68 3¢9
343 ‘ 8.2 2700 11.76 6.2 1749
543 7.0 2200 9.48 6433 1046

% Adserbed Msthamol
0.0 69.2 2060 8.8) 7.68 3.9
1.7 35.5 2210 9.50 7428 745
2.5 17.4 2380 10430 6486 11.5
3.2 Uy 2320 10.00 6475 11.0
3.9 15.0 2160 9427 6477 8ely
Seli 9.9 2040 8476 6+53 75
740 5.4 2040 8e72 6417 8¢5

% Adserbed Ethamol

0.0 69.2 2060 8.8 7468 3.9
2.3 20.); 2350 10.16 6.95 10.8
Le6 .6 2220 9.57 6.76 9y
6.9 15.1 2020 8465 6.78 643

8.5 55 2320 10.02 6018 12.9
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FIGURE 21

Veristion with % adsorbed methenol of AEX, aFX, and as® for di-

electric relsxation for paper at 298°K.

FIGIRE 22

Veriation with % adsorbed ethanol of AHt s AF* , and ASt for di=

electric relaxation for paper at 298°K.



(3TOW /'STIVDU) 4V

. 9 o o
N~ N ) O
A T T 1 1 /
I
| .\ _ O
!
* % \ !
T w “
1 I
40 <4 ® “ O
“
l
|
| @ _ O
\\ | " \\
\\ \N _ Nu
! .
< ° ¥ ®
/\ ! ///
!
od _ Q
|
!
]
_
|
M |t 1 1 ! | I )
Q O O = o O O
O ) ® ™~ oJ ® <
(310N /STIVOM) 4HVY (3TON/N3) SV

METHANOL

O/O



O/O

TONVH 13

174

S

9

e

AS* (eu/MOLE)

AH* (KCALS/ MOLE)

N o @) ~ co 0 O
| ~ | ! ] | | _d| T — W
O o >
O o >
O oD
O o <
AN
I 1 | I
> o N 0~
N » O A



-6 =

pert compensete each other so that_AFi, end consequently the reaction
rate, remains very nearly the same.

The dielectric relaxation process investigated here mey then
logically be considered to occur as follows, still referring to Figure
2ls At the maximum point in the ASt curve a meximum number of bonds
must be broken per orientation of a single dipole. The enthalpy neces=-
gary is also at a maximum, but it is possible et the same time that the
anount per bond broken may be less than for lower vapor contents. This
is to be expected, in fact, on the assumption that the rotating dipoles
are hydroxyl groups and that the hydroxyl groups of the sorbed vapor are
also rotating. For it is well known that heats of wetting of cellulose
become progressively smeller with increase in moisture content (&).

One may then argue that the relexation time is a function of the enthal=-
Py increase per bond broken per rotation a&s well as of the number of
bonds broken, or in other words, a functiﬁn of the free energy increase.
At vepor contents higher than that corresponding to the meximum point,
the overall density of the cellulose system decreases and the number of
broken bonds per dipole orientation, in other words, Ast, suffers a cor-
responding decrease. At the seme time, the enthalpy incresse per bond
broken becomes even smaeller so that there is a corresponding decrease in
relaxation time.

In the above sense then water as well as methanol and ethanol
mey be considered as having in cellulose a plasticizing action similar
to that observed in other polymer systems (11, 22, 23, 52).

The distinctness of the vapor content of 2.7% is menifested



FIGURE 23

Veristion of T, with % adsorbed methenol et the in=-

seribed frequencies.
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in yet another fashion. When T, is plotted versus % methanol for each
of the four experimental frequencies, one obtains the plots of Figure
23, These plots are linear with a discontinuity at 2.5%. Above this
point the slope is the same for all the frequencies, the deviation from
the average being less tham 1%. Below 2.5% on the other hand the slope
undergoes a marked increase with decrease in frequency. In order to en-
sure better illustration of the relationships the points were teken from
the log ‘T veraus l/T lines of Figure 19 rather than directly from the
experimental data.

The plots are described by the following equa:&ions » T, being

expressed in degrees asbsolute:

T, = K;(%eoH) + Ky; 7ueoH < 2.5
T = =heSh (AMeOH) ¢ Ky AMeOH > 2.5

In Table XXVI are presented the values of K;, K, and K3 for the dif-

ferent frequencies.

Effect of Vapor Conteat on Increase in Less Maximum

For the case of a single relsxation time T, the meximum value

of ¢!t is given by (L48):

2 2
é"max - 272;; (éo + 2) )J\- n

‘where k is the Boltzmenn comstant = 1,38 x 10"]‘6 erg/degree, T is the

absolute temperature, &, is the static dielsctiric constant, end n is the



TABLE XXVI

Evaluation of comstants for the plots of Figure 23

Frequency X
(kos.) 1 2 E
100 "'Lto 06 2)4900 25002
200 =l1e5h 258.0 25840
550 =6.09 27%.7 26947

1000 "'7 026 281&06 27703
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aunber of dipoles per cc. M- is the dipole moment, assumed to be 1.7 x

=18

10 e.s.us for the hydroxyl group (48). de! 'max/dn is given by:

de' "max

- 2™ 2 2
&= > T b t2)

assuming no changs in T or £, . In this way a loss value is assigned to
e single adsorbed dipole in one cc. of material. In order to be consis=~
tent with the convention of expressing the amount of adsorbed vapor in
terms of grems per 100 grems of dry materiel, a loss value is ﬁssignod

to one gram of adsorbed dipole per 100 grams dry material as follews:

dé''pax _ 2 2 2
= (€o + 2) Nd
I, Z7KT ™ Toe

where N is Avogradro's number, M is the weight of N dipoles, and d is the
density of the material.
dett . /dn, may be obtained experimentally as well, as indi-
cated in the Results., However, as emphasized before, the linear plots
of Figure 1l desoribe the compound dielectric cellulose-vapor == V&pOT,
whereas data for cellulose itself are desired for purposes of compsrisom.
This is obtained as follows: the requisite &!''; data was trans-
formed to &''; by the method desoribed in Amalysis of Dielectric. It
heas been shown that the dissipation factor of a. paper sheet is roughly
directly proportional to its density (8, 16). With this relation ey
wes transformed to €'' for the cellulose fibre itself, using the density

values of Table XXIV. The requisite deta is shown in Table XXVII and
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FIGURE 24

é"max for the celluleose fibre: 1its variation with

vapor content.
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plotted in Figure 24, The plots are slightly curved, the curvature being
greatest in the case of water., This is no doubt a consequence of the
fact that T decreases and €, increases with increase in vapbr content,
the combined effect being greatest for water, presumably. From the slopes
of these curves (at 5.3% vapor content ) values of de¢! 'ma.x/dnc were com-
puted; +these are presented in Table XXVILI together with those obtained
from the above equation, as well as the corresponding values for crystale-
line and amorphous terylene. It ought to be pointed out here that by
crystalline terylene is meant the normally occurring substance, which has
& orystalline fraction of sbout O.4 (48). €, for dry cellulose was teken
as 6,

It will be noticed that in all cases in this table the exper-
imental value of det 'ma./dno is much smaller then the theoretical.
This can undoubtedly be explained on the basis of a spread of relaxetion
times as a consequence of which the measured &''; . is considerably 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
magnifying effect of a decrease in temperature on ¢'',,.. Here omcas=-
sumes of course the correctness of the model used in calculating ¢'', xe
Theoretically, one would expeect d¢! 'max/dno to ‘be considerably less for
terylene-water than for cellulese-water because of smaller values for €,
and d. Thet this is so experimentally is evidence in favour of the as=-
sumption referred to above. The effect of changes in €, and d is mani~-
fested as well in the smaller vaslue of de¢' 'max/dno for crystelline tery~

lene then for the amorphous modificatione



TABLE XXVII

&' 'pex for the cellulose fibre: its veriation with vapor comtent

% Veper T € 'omax  €'2 AN LN ¢t &
Water
0.0 10 +0160 14306 1.598 «02740  L.24 o227
33 -12 +0218 14353 1,707 ,03892 5,22 «365
L0 -17 .0233 1,372 1,751 04225 5,66 415
5e3 -21 J0262  1.404 1.828 .04885 6452 522
Methanol |
1.7 -8 0158 1.323 1.620 02680 L35 222
245 -15 0171  1.328 1,629 202903 L.l 241
342 =16 0179  1.342 1.661 03082 L.68 265
3.9 -19 0190 1.350 1,675 023275  Le79 -28
5y =26 0212 1,369 1.716 .03701  5.14 +33L
740 -35 <0232 14394 1.773 +04135  5.68 394
Ethenel
2.3 -5 0198 1,328 1.629 03362  Le4y3 «281
L6 -12 0210 1.338 1.643 «0355L  Lolib 292
6e9 -13 L0222  1.351 1.668 «03784  Le56 «309

8.5 =21 0231 1,366 1,700 03975 L.78 «329
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TABLE XXVIII

de,"m.x/dnc ~= Theoretical and experimental values for

cellulose and terylene

Material Theoretical Experimental Theoretical/

Experimental

Terylene

(amorphous ) 0.245 0.0488 5.02
Terylene

(erystalline) 0.232 <0433 5.35
Cellulose

+ water 676 083l 8.10
Cellulose

4+ methanol 676 +0638 1046
Cellulose

4+ ethanol 676 «0206 32,8
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SUMMARY AND CONCLUSIONS

Water is known to have & pronounced softening effect on cellu=~
lose. The dieleotric relaxation time (T) of a substence, together with
related properties, may be considered as a measure of the faciii‘ty with
which its dipoles can rotate in an alternating electric field. It would
be expected then thet in cellulose T would be affected to e greater or
lesser extent by the presence of adsorbod weter and similar vapors.

It was found convenient to perform experiments with quantita-
tive filter peper inserted in the measuring condenser in a wrap-sround
fashion. The necessity thus arose for determining whether or not relax=-
ation times for this arrangement corresponded to those for the paper
itself. Electrical analysis showed that there was no deviation within
experimental error. Using the equations obbtained calculations were made
of the dielectric constant and maximum dielectric loss factor of the
cellulose fibre as a function of per cent adsorbed water, methanol, and
ethanol, respectively, this being the order of decreesing effect. The
value of the dielectric comstent for dry cellulose was in agreement with
thet obteined by previous workers.

It was found that water, as well as methanol snd ethanol, caused
the relsxation time at 298° K. to decrease. In all three cases the curve
ofAHt and AS:t versus vepor content passed et about 2.7% vepor content
through & meximum, the height of which decreased in the order weter,
methanol, and ethanol. This was correlated with the fact that the curve

of cellulose density versus weber content passes through e meximum at
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this very point. It was predicted that the corresponding density curves
for methanol and ethanol would run & similar ocourse, the heights decreas=—
ing in the same order as for the aEK and AS ¥ curves. Thus it was shown
that water, methenol, and ethenol have in cellulose & plasticizing action

comparsble with thet observed in other plasticized polymer systems.



1.

26

3

- 107 =

CLAIMS OF ORIGINAL WORK AND CONTRIBUTICNS TO KNOWLEDGE

Values of dielectric constent and dielectric less factor were ob-
teined in & dispersion region for a complex arrengement in the
megasuring condenser of a paper made of pure cellulose. Measure=
ments wore performed over a range of frequenmcy of 10 to 1000 Kc.
end s rsnge of temperaturs of =58 to 26°C.

It was shown by electrical analysis that the position of the dia=
persion region thus obtained wes not altered upon consideration

of the data in terms of the paper itself.

From equations obtained as a result of this analysis calculations
were made of the dielectric éonstant of the cellulose fibre at 1 Mo.
and 20°C, as a function of per cent adsorbed weter, methanol, and
ethanol, respectively.

In the same way the corresponding meximum dielectric loss factor
was calculated as a function of vapor content, the slopes of the
curves being considered as a measure of the losses due to the hy=-
droxyl groups in the adsorbed wvapor.

From the msxima in the loss ocurves relaxation times were evsluated.
From plots of log T versus 1/T, calculations were made at 298°K.
of the free energy, enthalpy, and entropy of activation for di=-
electric relaxation, these terms being considered as a function of

vapor content,
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