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Ab stract
In this work a mo di fi ca tion of an exi sting coa xial cylin dri cal ca pa ci tor cell is des cri bed, that is com pa tib le with a sys-
tem built re cently for pre ci se mea su ring of tem pe ra tu re de pen dent da ta in elec troly te so lu tions. The met hod and ap pa ra -
tus, pre sen ted in de tail in this tech ni cal pa per, tur ned out to be a re liab le and easy pro ce du re for de ter mi na tion of the re -
la ti ve per mit ti vity of di ver se sol vents. It will be used furt her in our la bo ra tory for col lec ting the se da ta which are in dis -
pen sab le for con duc ti vity stu dies.
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1. In tro duc tion
The sta tic die lec tric con stant (εr) or re la ti ve per mit -

ti vity re pre sents the ca pa ci tan ce of a ma te rial re la ti ve to
that of a va cuum. This in for ma tion is of great va lue at de -
sig ning se pa ra tion, sam ple pre pa ra tion and chro ma to -
graphy tech ni ques in analy ti cal che mi stry. Furt her, accu -
ra te va lues of the tem pe ra tu re de pen den ce of εr are of
scien ti fic in te rest, sin ce they are re qui red for the ap pli ca -
tion of va ri ous theo ries and for re liab le pro cess si mu la -
tion. For exam ple, the tem pe ra tu re de pen den ce of εr needs
to be known to apply the con duc ti vity equa tions to the ex -
pe ri men tal con duc ti vity da ta or for mo del ling ent hal pies
of so lu tion and heat ca pa ci ties.

Ho we ver, re liab le stu dies of tem pe ra tu re de pen dent
re la ti ve per mit ti vity, εr(T), of mo le cu lar sol vents and their
mix tu res in the li te ra tu re are scar ce. Most of the avai lab le
ex pe ri men tal da ta are of ten ob tai ned for pu re sol vents
over very li mi ted tem pe ra tu re ran ges, but the re is a lack of
da ta for εr(T), es pe cially of very im por tant and of ten used
mix tu res of wa ter and or ga nic sol vents.

The ex pe ri men tal met hods avai lab le to de ter mi ne εr
over a ran ge of tem pe ra tu res and even pres su res ha ve been
sum ma ri zed re cently.1 From this re view it is evi dent, that
ac cu ra te mea su re ments of εr are de man ding and ex tre mely

ti me con su ming pro ce du res. From a de tai led de srip tion of
ap pli ca tion of a three-lo bed re-en trant ra dio fre quency re -
so na tor for de ter mi na tion the ge ne ra li zed com plex per mit -
ti vity over the pres su re ran ge form 0.1 to 5 MP a at tem pe -
ra tu res from 278 to 328 K2 can be as su med that this type of
mea su re ments can be car ried out only in spe cia li zed la bo -
ra to ries with skil ful staff. It seems that even com mer cially
avai lab le ca pa ci tors de mand so me up gra de if they are used
in broa der tem pe ra tu re and/or pres su re ran ge.3–4 

In la bo ra to ries of the Uni ver sity of Re gens burg a
coa xial cylin der ca pa ci tor cell de sig ned for high-pre ci sion
mea su re ments (Fi g. 1a) has been de ve lo ped pro vi ding the
pre ci se εr da ta for the tem pe ra tu res in the ran ge 223.15 <
T/K < 343.15.5 Tem pe ra tu re-de pen dent per mit ti vity mea -
su re ments on the mi xed sol vent systems we re exe cu ted
with a low-fre quency (1–10 kHz) ca pa ci tan ce brid ge (Ge -
ne ral Ra dio, os cil la tor type 1316, de tec tor type 1238 and
ca pa ci tan ce brid ge type 1621) equip ped with a con duc tan -
ce-ba lan cing net work and a die lec tric cell de sig ned for
high-pre ci sion mea su re ments im mer sed in the pre ci sion
ther mo stat, fil led with the si li con oil. The ca pa ci tor is des -
cri bed in de tail in the li te ra tu re.6

In the pre sent work a small adap ta tion of this ca pa -
ci tor de ve lo ped at Uni ver sity Re gens burg and do na ted to
Uni ver sity of Ljub lja na is des cri bed. By appl ying this mo -
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di fi ca tion it can be used with a system built for de ter mi -
ning the pre ci se tem pe ra tu re-de pen dent elec tri cal con duc -
ti vity da ta of so lu tions.7 So me test mea su re ments we re
car ried out and the com pa ri sons with li te ra tu re da ta of εr
are pre sen ted.

2. Ap pa ra tus8

The coaxial cylin der ca pa ci tor (Fig. 1a), de sig ned
by Bart hel et al5 has been con nec ted to Agi lent Tech no lo -
gies 4284A au to ma tic elec tro nic im pe dan ce analy zer and
im mer sed in the pre ci se ther mo stat bath (ther mo stat Lau -
da UB40 and Lau da WK1400 as a cold bath), used for
pre ci se elec tri cal con duc ti vity mea su re ments in our la bo -
ra tory.7 The ther mo stat bath is fil led with a mo nogly col to
enab le ap pro pria te heat flow when an ex ter nal cir cu la tion
is used and works in the tem pe ra tu re ran ge bet ween
273.15 and 313.15 K . 

Fi gu re 1. a) Coa xial cylin dri cal ca pa ci tor cell be fo re mo di fi ca tion. b)
Coa xial cylin dri cal ca pa ci tor, set in the ves sel, fil led with si li con oil.

Pre ci se ca pa city mea su re ments ha ve to be car ried
out in the low per mit ti vity me dium at con stant stray ca -
pa ci tan ce. For this rea son the ca pa ci tor has been set in
the fi xed stain less steel vessel, fil led with a si li con oil
(Scan, P3, PK 001 106-T) as it is shown in Fig. 1b. The
val ve in the lid ser ves for the pres su re le vel ling due to
the tem pe ra tu re, and the re fo re al so pres su re, va ria tion in
the ves sel. At the sa me ti me the tem pe ra tu re is con trol led
by in ser ting a Pt100 in the si li con oil. This mo di fi ca tion
enab les the ap pli ca tion of already built system for con -
duc ti vity mea su re ments for capa city mea su re ments as
well (Fig. 2). 

It should al so be men tio ned that the tem pe ra tu re of
the coo ler and ther mo stat should be set ap pro pria tely to

ob tain the de si red tem pe ra tu re with suf fi cient ac cu racy. In
ge ne ral, the tem pe ra tu re of coo ler should be about 3 K lo -
wer than the set tem pe ra tu re of pre ci se ther mo stat. So far
the se va lues ha ve been ob tai ned by carr ying out of so me
ad di tio nal mea su re ments of tem pe ra tu res fol lo wing the
tem pe ra tu re os cil la tions in the mea su re ment ther mo stat
and ves sel with the si li con oil and ca pa ci tor. Con se -
quently, the ac tual tem pe ra tu re is con trol led se pa ra tely by
the help of the ca li bra ted Pt 100 re si stant ther mo me ter
(MPMI 1004/300 Merz), pla ced in to the si li con oil trough
the valve in the ca pa ci tor’s lid (Fig. 1b) and con nec ted
with a HP 3458A Mul ti me ter.

The con trol of the mea su ring in stru ments and pro -
cess is exe cu ted by the com pu ter, which gat hers mea su red
da ta (Fig. 3).

a) b)

Fi gu re 2. Ther mo stat as sembly with a cold bath (Lau da WK1400),
a pre ci se ther mo stat (Lau da UB40) with an im mer sed ca pa ci tor, at -
tac hed to an Agi lent Tech no lo gies 4284A au to ma tic elec tro nic im -
pe dan ce analy zer of hig hest mea su ring ac cu racy. The tem pe ra tu re
in the ves sel with the ca pa ci tor is con trol led by Pt 100 (MPMI
1004/300 Merz) at tac hed to an Agi lent 3458A Mul ti me ter.

Fi gu re 3. An exam ple of the dis play with grap hi cal user in ter fa ce
sho wing the mea su re ment pro cess. For ex pla na tion see the text.
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The la bo ra tory wor ker needs only to 
i. se lect a tem pe ra tu re ran ge (bet ween 273.15 and

323.15 K) (A) 
ii. de fi ne the al lo wed tem pe ra tu re de via tion (B) and 
iii. de fi ne the ti me of the tem pe ra tu re sta bi li za tion

of the sam ple (C)
iv. spe cify the fi le whe re the da ta are sto red (D) and 
v. select the de si red fre quency ran ge and step (E).
All the se da ta can al so be writ ten in the “se tup fi le”

(F) and con fir med by “load se tup” (G). At this point the
mea sure ment can be star ted (H). The cold bath and the
mea su re ment ther mo stat are set at the first tem pe ra tu re
va lue of the pro gram. Af ter reac hing the de si red tem pe ra -
tu re with de fi ned pre ci sion (B), the pro gram will pro ceed
with ther mo sta ting the sam ple (sta bi li za tion ti me) which
is fol lo wed by mea su ring the ca pa ci tan ce in the de si red
ran ge of the fre quen cies (usually bet ween 500 and 10000
Hz in steps of 200 or 500 Hz). The mea su red ca pa ci tan ce
va lues are shown on the dis play (I) in re la tion to the fre -
quency. Fi nally, the tem pe ra tu re in the mea su re ment ther -
mo stat is con trol led and dis pla yed (K). Then the system is
switc hed to anot her tem pe ra tu re of the pro gram and the
pro ce du re is re pea ted. 

Thus the grap hi cal user in ter fa ce keeps the ex pe ri -
men ta tor up da ted on the mea su re ment pro cess sta tus (J)
and dis plays the mea su red re sults. The re mo te con trol of
the en ti re mea su re ment pro cess is pos sib le eit her through
lo cal area net work or through the in ter net. The re sults
(tem pe ra tu re and the fre quency de pen dent re si stan ce) are
sa ved in a fi le (D) and avai lab le for furt her analy sis.

Ba sic spe ci fi ca tions of the im pro ved mea su re ment
system are:

i. tem pe ra tu re ran ge 273.15 – 313.15 K, re pea ta bi -
lity ±0.005 K, un cer tainty ±0.008 K 

ii. un cer tainty in ca pa ci tan ce mea su re ment: < 0.5%.
iii. mea su ring fre quency ran ge: 20 Hz – 10 kHz.
The en ti re de vi ce and pro ce du re has been pa ten ted

re cently.8

Ho we ver, the tem pe ra tu re ran ge is still li mi ted by
the cha rac te ri stics of the coo ler and the ther mo stat in our
system. 

3. Te sting the Mea su ring Equip ment
3. 1. Theory of Mea su re ment

The re la ti ve per mit ti vity, (εr), in di ca tes the energy
va lue of a ma te rial in an elec tric field. It is re pre sen ted as
a complex quan tity and de fi ned as a ra tio of the ma te rial’s
die lec tric con stant (ε) to that of a va cuum (εo = 8.854 ·
10–12 F m–1).

At fre quen cies (ν) be low se ve ral hun dred MHz, εr
can be de du ced from the ra tio of two elec tric im pe dan ces:
the im pe dan ce of the ca pa ci tor fil led with the fluid un der
study by the im pe dan ce of the sa me ca pa ci tor when it is
eva cua ted. In ge ne ral, this im pe dan ce ra tio is a com plex

num ber ε*

ε* = ε’ – iε’’ , (1)

whe re ε’ and ε’’ may be fre quency de pen dent. At any mea -
su re ment fre quency, the real part of the im pe dan ce ra tio,
ε’, is the sta tic die lec tric con stant (re la ti ve per mit ti vity).
The ima gi nary part of the im pe dan ce ra tio (die lec tric
loss), 

For mu la (2)

ac counts for elec tri cal dis si pa tion wit hin the die lec tric flu-
id, whe re σ is the con duc ti vity and ω is the an gu lar fre -
quency, ω = 2πν. ε’ and iε’’ can be cal cu la ted from the ca -
pa ci tan ce C and the elec tro de di men sions,

for mu la
(3)

whe re S is the sur fa ce area of the elec tro des, � gap bet -
ween them, and R the equi va lent pa ral lel re si stan ce (mea -
su red da ta). 

The die lec tric con stant of a va cuum, εo, is cal cu la ted
from the ca pa ci tan ce of the va cuum, ap pro xi ma tely equal
to air or ar gon ca pa ci tan ce (mea su red da ta), Co,

for mu la.
(4)

The re fo re, Eq. 1 can be re writ ten as

for mu la
(5)

The mea su red da ta (C, Co) con tain the stray ca pa ci -
tan ce, which is al te red by the die lec tric con stant. It can be
eli mi na ted by mul tipl ying the Eq. 5 by the em pi ri cal cor -
rec tion coef fi cient, α, 

for mu la
(6)

If C and Co are de ter mi ned by ex tra po la tion to ν → ∞,
the ima gi nary part in Eq. (6) is ne glec ted. In this ca se ε*

be co mes the va lue of the sta tic die lec tric con stant (re la ti ve
per mit ti vity), de no ted by εr and thus de ter mi ned as

for mu la
(7)

The va lue of α for our (mo di fied) system was em pi -
ri cally de ter mi ned as

for mu la (8)
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Co (T) of the ca pa ci tor has been ob tai ned by mea su -
re ments of the ca pa city of the ca pa ci tor, fil led with pu re
ar gon (99.999%, Mes ser, Slo ve nia), CAr at every tem pe ra -
tu re T

for mu la (9)

The de pen den ce of C/Co ra tio on cor rec tion coef fi -
cient α (cha rac te ri stic of the system) is shown in Fig. 4.

3. 2. Ca li bra tion

Ac cor ding to Eqs. 6 and 7 the fre quency de pen dent
mea su re ment of ca pa ci tan ce of the ca pa ci tor fil led with
the sol vent un der in ve sti ga tion and the ca pa ci tan ce of va -
cuum is ne ces sary. By ex tra po la tion to ν → ∞ C(T) and
Co (T) are ob tai ned. Two exam ples of this extra po la tion
are shown in Fig. 5.

whe re the per mit ti vity of ar gon εAr(T,p) is gi ven by9

for mu la
(10)

In our ca se, p is the at mosp he ric pres su re (in atm),
mea su red by a ba ro me ter in the la bo ra tory; and εθ =
ε(293.15 K, 1 atm) = 1.0005172 ± 4.9 Ob tai ned tem pe ra -
tu re de pen den ce of Co for the ap plied ca pa ci tor is shown
in Fig. 6.

Figu re 6. Tem pe ra tu re de pen den ce of the va cuum ca pa city of the
ap plied cylin dri cal ca pa ci tor; li ne: li near fit, Co/p F = 10.3123–3.53
· 10–5 T/K.

The ca li bra tion with ar gon is ne ces sary to be car ried
out be fo re every set of mea su re ments and then the ob tai -
ned Co is to be ap plied in εr eva lua tions. 

3. 3. Re sults: Deter mi ned Data and 
Com pa ri son with the Lite ra tu re Data
So far, many test mea su re ments we re car ried out and

the com pa ri son with the (re liab le) li te ra tu re da ta was ma -
de. In the se mea su re ments triply di stil led wa ter and the
sol vents of the hig hest qua lity we re used. 

The re la ti ve per mit ti vity of the sam ple at each tem -
pe ra tu re was cal cu la ted from the ra tio of the ca pa ci tan ce
of the ca pa ci tor fil led with the sam ple at this tem pe ra tu -
re to that of the cell fil led with dry ar gon at the sa me
tem pe ra tu re, by mul tipl ying it by the cor rec tion coef fi -
cient (Eq. 8),

for mu la.
(11)

The ob tai ned da ta of met ha nol and ace to ni tri le, ob -
tai ned in two se ries of mea su re ments are gi ven in Tab le 1
to get her with the li te ra tu re da ta. In all eva lua tions the sa -
me va lue of the cor rec tion coefficient in the Eq. (8) was
ap plied.

Fi gu re 4. Cor rec tion coef fi cient α as a func tion of C/Co ra tio.

Fi gu re 5. Fre quency de pen den ce of mea su red ca pa city of the ca pa -
ci tors, fil led with met ha nol (O) and ace to ni tri le (�) at 298.15 K.
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Tab le 1. Re la ti ve per mit ti vity, εr, of met ha nol and ace to ni tri le as
ob tai ned in two sets of mea su re ments and com pa ri son with the li te -
ra tu re da ta.

T/K εr

met ha nol ace to ni tri le
run I run II li t.10 run I run II li t.11

273.15 37.70 37.92 39.89 40.11
278.15 36.78 36.74 36.78 39.04 39.20 39.24
283.15 35.76 35.65 35.68 38.53 38.34 38.39
288.15 34.70 34.60 34.63 37.74 37.53 37.56
293.15 33.69 33.57 33.61 36.91 36.73 36.76
298.15 32.69 32.58 32.63 36.12 35.95 35.96
303.15 31.75 31.62 31.69 35.35 35.19 35.19
308.15 30.83 30.69 30.78 34.60 34.47 34.43
313.15 29.94 29.80 29.90 33.86 33.74 33.96

The se re sults con firm the as sump tion that the stray ca -
pa city is con stant (and not “ti me de pen dent”) when set ting
the ca pa ci tor in the “clo sed” ves sel fil led with si li con oil.

In Tab le 2 ob tai ned da ta for et ha nol, ace to ne, di -
methyl sul fo xi de (DMSO) and wa ter are li sted to get her
with the li te ra tu re da ta. 

Ne vert he less, the ob ser ved de via tions are di stinctly
hig her than as ses sed un cer tainty in ca pa ci tan ce mea su re -
ment (< 0.5 %) and can be as cri bed to dif fe rent sour ces of
er ror (com po si tion of mix tu res, fit ting pro ce du re…).

It can be conc lu ded, that da ta of εr de ter mi ned in this
work and the li te ra tu re da ta are in rea so nab le agree ment
and thus the des cri bed met hod and ap pa ra tus can be trea -
ted as re liab le pro ce du re for de ter mi na tion of re la ti ve per -
mit ti vity of di ver se sol vents. It is qui te an ac qui si tion for
our la bo ra tory and will be ad van ta ge ously ap plied for gat -
he ring the re la ti ve per mit ti vity da ta nee ded es pe cially for
our con duc ti vity stu dies in dif fe rent sol vents.

4. Ack now led ge ment
M. B.-R. would li ke to ex press Prof. Dr. Go razd Ve -

sna ver a deep debt and a pro found ap pre cia tion of his

Fi gu re 7. Tem pe ra tu re de pen den ce of re la ti ve per mit ti vity, εr, for
mix tu res of te trahy dro fu ran (THF) and wa ter; (�) our va lues at
298.15 K, (�) li te ra tu re va lues at 298.15 K,17 (–O–) our va lues in
the tem pe ra tu re ran ge from 278.15 K to 313.15 K in steps of 5 K.
In set: The re la ti ve dif fe ren ces bet ween our mea su red va lues and
va lues ob tai ned by poly no mial fit of li te ra tu re da ta17 at 298.15 K
(see plea se ex pla na tion in the text).

Tab le 2. Com pa ri son of the mea su red rela ti ve per mit ti vity, εr, with the li te ra tu re da ta for etha nol, ace to ne, DMSO
and wa ter.

T/K εr

et ha nol ace to ne DMSO wa ter
lit12 lit13 lit14 lit15 lit16

278.15 27.62 27.62 22.68 22.74 85.24 85.897 85.89
283.15 26.88 26.76 22.31 22.21 83.98 83.945 83.93
288.15 26.05 25.94 21.76 21.69 47.26 47.15 82.12 82.039 82.24
293.15 25.26 25.13 21.22 21.18 46.64 46.52 80.24 80.176 80.31
298.15 24.46 24.36 20.69 20.69 46.00 45.89 78.37 78.358 78.32
303.15 23.71 23.6 20.19 20.20 45.36 45.24 76.57 76.581 76.39
308.15 22.97 22.86 19.70 19.72 44.71 44.59 74.77 74.846 74.91
313.15 22.24 22.15 19.22 19.25 47.26 47.15 72.99 73.151

Wa ter mix tu res are of ten of in te rest for our in ve sti -
ga tions, be cau se the se mix tu res may be pre pa red wit hin
a wi de ran ge of εr va lues. The re is a lack of re liab le εr(T)
data in the li te ra tu re. In Fig. 7 the mea su red tem pe ra tu re
de pen dent va lues of εr for te trahy dro fu ran (THF) and
wa ter mix tu res are shown to get her with the li te ra tu re da -
ta at 298.15 K.17 Be cau se the mix tu re com po si tions in
the li te ra tu re are not the sa me, for a bet ter com pa ri son a
poly no mial fit to the li te ra tu re da ta of mix tu res was ap -
plied, εr(lit) = 78.556–0.629 · w–4.79·10–3· w2 + 4.002 ·
10–5 w3, whe re w is wt. % of THF in the mix tu re. In the
in set of Fig. 6, the difference bet ween our da ta and the
va lues from this fit in form of re la ti ve de via tions are
show. Evi dently, the de via tions are about 1% or even lo -
wer. In te re stingly, the mea su red re la ti ve per mit ti vity of
pu re THF at 298.15 K (εr = 7.38) is in ex cel lent agree -
ment with li te ra tu re da ta at the sa me tem pe ra tu re
(εr(lit)=7.39).
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friends hip, kind ness, help, good ad vi ce, jo vial and plea -
sant at mosp he re in per so nal re la tions. 

The re we re so me years when she could not wri te
this, but fi nally she has to ad mit that he set her the bor-
ders, which she has to over ca me; he built the moun tains,
which she has to climb on; he ne ver for got to warn her
that she ma de a mi sta ke; he al ways ma de the en tropy po -
si ti ve in an iso la ted system and the re fo re the pro ces ses
ma de pro gress …
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Povzetek
Opi sa li smo mo di fi ka ci jo ob sto je~e kon den za tor ske ce li ce – ci lin dri~ne ga kon den za tor ja za do lo~an je tem pe ra tur ne od -
vi sno sti die lek tri~ne kon stan te to pil. Le ta v kom bi na ci ji z `e vpe lja nim si ste mom za mer je nje elek tri~ne pre vod no sti
raz to pin s po mo~jo pod por ne ga pro gra ma omo go~a av to mat ski, ra~unal ni{ko vo den po sto pek mer je nja. S tem smo
re{ili prob lem na por nih in za mud nih na~inov do lo~an ja die lek tri~ne kon stan te to pil. Opi san po sto pek po me ni po mem -
bno pri do bi tev na{ega la bo ra to ri ja.


