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Tem per at ure dep enden ce of t he shear v iscosit y measured for isotropic
li qui ds belongin g to the three homologous series: 4-(t r a n s -4 0 -n -alkylcycl o-

hexyl ) isothio cyanatob enzenes (C n H 2 n + 1 CyH x Ph N CS; n C HBT ,
n = 0 Ë 1 2) ; n -alkylcyanobi phen yls (C n H 2 n +1 Ph Ph C N ; n CB, n = 2 Ë 12 )
and 1 ; n - alkanediol s (H O(C H 2 ) n OH ; 1,n AD, n = 2 Ë 10) w ere analysed w ith
the use of A rrhenius equation and its two mo diÙcati ons: Vogel { Fulcher and

prop osed in this pap er . T he extrap olati on of the isothermal viscosity of
1 ; n - alkanediol s ( n = 2 Ë 10 ) to n = 1 leads to an interesting conclusio n con-
cerning the expected viscosity of methanediol , H OC H 2 OH , the comp ound

strongly unstable in a pure state.

PACS numb ers: 66.20.+ d, 83.85. Jn

1. I n t rod uct io n

The vel ocity gradi ent of Ûowi ng Ûuid pro duces a stream of the momentum
whi ch tra nsfers i tsel f to wards a less-vel ocity part of the medium . From m acroscopic
point of vi ew, the m omentum tra nsport can be quanti ta ti vely described by the
shear vi scosity deÙned as a proporti onal i ty coe£ cient between the shear stress
and the shear rate (vel ocit y gradient).

The vi scous pro perti es of Ûuids are the subj ect of interest of both the tech-
ni cians and the scienti sts. It is obvi ous tha t the vi scosity of a m edium pl ays a
cruci al ro le in many techni cal pro cesses and a great ẽ o rt is underta ken in Ùnding
the l iqui ds (m ainly oils) of an appro pri ate value of the vi scosity wi th tem perature
dependence as weak as possibl e. For therm al ly acti vated processes, as the vi scous
Ûow, a weak tem perature dependence corresp onds to a smal l value of the acti vati on
energy of the process.
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Num erous papers on the vi scosity simulati ons have been publ ished and an
essential progress was recentl y achi eved in understa ndi ng of the vi scosity of Ûuids
on the molecular level [1{ 10]. Two molecular features are considered as an essential
in the phenom enon of the m omentum tra nsport in isotro pic Ûuids: the shape of
m olecules and the interm olecular intera cti ons. Studi es of the inÛuence of these two
m olecular features on the exp erim enta l value of the vi scosity and i ts tem perature
behavi or are the subj ect of the present paper.

2 . E x per i m en t a l

The shear vi scosity wa s m easured wi th a Haake vi scometer RV20 wi th the
m easuri ng system CV1 00. The system consi sts of a rota ry beaker Ùlled wi th studi ed
l iqui d and a cyl indri cal sensor of Mo oney{ Ewa rt typ e (M1 5), pl aced in the center
of the beaker. The liqui d gap wa s 0.5 m m. The studi ed l iqui ds show a Newto nian
behavi or in the available shear rates (3 0 Ë 3 0 0 sÀ 1 ). The accuracy of the vi scosity
determ inati on was 0.5%. The tem perature of the sampl e wa s contro l led wi thi n
Ï 0 : 1 £ C.

Two series of the com pounds studi ed: n CH BT and n CB, mesogenic for n Ñ 4

and n Ñ 5 , respecti vel y, were synthesi zed and puri Ùedat the Insti tute of Chemistry ,
Mi l i ta ry Uni versi ty of T echnology, Warsaw. The puri ty of the compounds, m ini -
m um 99.5%, was contro l led by the chro m atography. The vi scosity data presented
in thi s paper concern the isotro pic phase of n CHBT and n CB. The 1,n -alkanedi ols
were of com mercial standa rd wi th the puri ty of about 98%. The deta i ls concerni ng
the phase tra nsiti ons tem perature of the com pounds to gether wi th the num erical
values of the measured vi scosity are presented in [11].

3 . R esul t s an d d iscu ssio n

Fi gures 1a, 2a, and 3a present tem perature dependencesof the vi scosity mea-
sured for the three series of com pounds. The series are di ˜erenti ated in the inter-
m olecular intera cti ons: from relati vely weak di polar intera cti ons in case of n CHBT
(the dipole m oment of a single m olecule 0 equals to 3.5 D ), the strong dipolar
intera cti ons in CB ( 0 = 5 D ), to moderate stro ng hydro gen bonds O{ H. . .O,
local ized at the ends of 1, -di ol m olecules. W i thi n each of the series, the length of
the m olecules is changing due to a di ˜erent numb er ( ) of { CH 2 { groups. Fi gure 4
shows, as an exam ple, dependence of the vi scosity of the studi ed com pounds
at constant tem perature ( 7 2 £ C). Two concl usions seem to be importa nt: (i ) the
polari ty of the m olecules reÛects in the vi scosity of l iqui ds as inconspi cuous e˜ect
onl y: the values for CHBT and CB are qui te close to each other ; (i i ) strongly
nonl inear ( ) dependence for 1 -diols is in contra st to the dependence observed
for dipolar l iquids.
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Fig. 1. Temp erature dependences of the shear viscosity of n C H BT homologous series

(a) and A rrhenius- li ke plots (b) according to Eq. (3).

Fig. 2. Temp erature dependences of the shear viscosity of n C B homologous series (a)

and A rrhenius- li ke plots (b) according to Eq. (3).

Fig. 3. Temp erature dep endences of the shear viscosity of 1; n -alk anediol s series (a)

and A rrhenius- li ke plots (b) according to Eq. (3).
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Fig. 4. I sothermal n dep endence of the viscosity of studied series of the comp ounds

( T = 72
£ C).

Fig. 5. Isothermal n dep endences of the viscosity of 1,n -alkanediol s. The step of tem-

p erature is about 5 £ C .

It is worth noti cing tha t the extra polati on of experim enta l ² (n ) dependence
of the studi ed diols to n = 1 (see Fi g. 4) indi cates for a very low vi scosity of
m etha nediol , HOCH 2 OH. Of course, the data do not al low one to estim ate the
m etha nediol vi scosity value, mainl y because of the natura l l im it of possible changes
of n ( Ï 1 ) . However, as shown in Fi g. 5, al l the isotherm al vi scositi es of 1,n -di ols,
presented as a functi on of , show a peculiar behavi or concerni ng the point = 1 .
Thi s fact is so m uch puzzl ing, because m etha nediol is the com pound strongly
unsta ble in a pure state and i t is qui te possibl e tha t our data can be useful in
understa ndi ng tha t unsta bi li ty .
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Let us analyze tem perature dependence of the m easured vi scositi es. It was
shown in m any papers tha t a simpl e (and fri endly) Arrheni us equati on

² (T ) = ² A exp( E A =R T ) (1)

often does not reproduce sati sfactori ly the experim enta l tem perature dependence
of the vi scosity ² ex p ( T ) . E A denotes the vi scosity acti vati on energy, R | gas con-
stant, | absolute tem perature and | pre-exponenti a l Arrheni us factor.
A general rul e is: the greater is tem perature range of m easurements, the greater
di screpancy between ( ) and predi cti on of Eq. (1) is observed. However, the
di scussion on the appl icabi l i ty of Eq. (1) is rather di £ cul t because, in practi ce, the
tem perature range Â of the vi scosity measurements is very narro w i f com pared
to the who le range of possible vari ati on (0 ); for a typi cal liqui d Â does
not exceed 100 K. In such circum stances even a smal l experim ental error can lead
to an importa nt discrepancy mentio ned above. The sim ple Arrheni us functi on (1)
wi th two asym pto tes: = ( = 0 ) and = ( = 0 ) , and two Ùtti ng pa-
ram eters ( and ) seems to be to o general f or descripti on of the real ( )

dependences. Neverthel ess, Eq. (1) is com monly used in l i tera ture mainly because
of the acti vatio n energy, whi ch even determ ined wi th some appro xi mati on con-
cerni ng the l ineari ty of ln ( ) on dependence, is a very useful quanti t y whi ch
can be com pared wi th other acti vati on energies, as obta ined from the di electri c
relaxa ti on studi es, for exam ple.

A more exact portra yal of the experim enta l vi scosity dependence on tem per-
ature requi res some m odiÙcati ons of the Arrheni us equati on (1). In 1920' s Vogel
and Fulcher (VF) proposed the fol lowing equati on [12, 13]:

( ) = exp (2)

in whi ch three Ùtti ng parameters ( , , and ) occur. Intro ducti on of param -
eter in Eq. (2) form al ly denotes a shift of the -axi s from = 0 (as f or Arrheni us
equati on) to = and restri cts the range of variatio n to ( ). Al tho ugh
the Ùtti ng parameters have no clear physi cal m eaning, Eq. (2) is used wi th success
for empi rical descripti on of the vi scosity dependence on tem perature for m any l iq-
ui ds, special ly in supercooled state, and some attem pts were underta ken in Ùnding
the correl ati ons between param eter and the vi tri Ùcati on temperature [14{ 17].

If i t were possibl e to make the -axi s m obi le along the -axi s (as in Eq. (2)),
the question is why not to make the -axi s m obi le along the -axi s? It can be
realized in a very simpl e way by an intro ducti on of a new Ùtti ng param eter as
a background in Arrheni us equati on (1):

( ) = exp( ) + (3)

The parameter f orm all y denotes a shift of the -axi s from = 0 (as f or Arrheni us
equati on) to and restri cts the range of vari ati on to ( ).

T able summ arizes the resul ts of the best Ùtti ng of Eqs. (1), (2) and (3) to
the experim ental vi scosity data .
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TABLE
Values of the parameters corresp ondi ng to the best Ùtting of Eqs. (1), (2) and (3)

to the viscosity experimental data for studied comp ounds and standard deviatio n ¥

(Eq. (4)). n denotes the numb ers of {C H 2 { groups in molecule.

A rrhenius (1) V F (2) Prop osed (3)

n ² A Â103
E A ¥ ² V Â102

D T 0 ¥ ² JC L Â105
E A ² 0 ¥

mPa Âs kJ /mol mPa Âs mPa Âs K mPa Âs mPa Âs kJ /mol mPa Âs mPa Âs

n C H BT

0 1. 641 21.55 0.092 12.94 3.003 176.9 0. 034 11.414 27.99 1. 073 0.031

1 1. 746 21.68 0.087 11.78 3.371 172.1 0. 039 15.117 27.63 1. 061 0.040

2 1. 227 22.93 0.165 12.82 3.139 178.4 0. 134 7.514 29.74 1. 288 0.131

3 1. 904 22.19 0.113 36.25 1.496 215.6 0. 057 4.055 31.77 1. 758 0.060

4 0. 857 24.72 0.187 20.49 2.474 193.6 0. 078 3.626 32.47 1. 857 0.072

5 2. 200 22.51 0.064 7.80 6.189 141.3 0. 031 3.343 33.03 2. 351 0.060

6 1. 303 24.27 0.209 45.44 1.496 219.5 0. 131 3.058 33.66 2. 379 0.132

7 1. 945 23.52 0.057 18.30 3.255 182.4 0. 028 3.567 33.68 2. 538 0.039

8 1. 796 23.92 0.122 31.35 2.295 200.3 0. 058 8.105 31.71 2. 360 0.056

9 1. 442 24.82 0.090 17.26 3.437 182.6 0. 070 9.494 31.74 2. 138 0.069

10 1. 496 24.92 0.134 11.95 4.722 164.6 0. 122 8.416 30.22 1. 941 0.120

11 1. 097 26.08 0.180 75.92 1.122 239.4 0. 111 19.971 30.43 1. 635 0.151

12 1. 378 25.64 0.169 55.12 1.644 221.4 0. 095 38.337 28.89 1. 436 0.142

n CB

2 1. 910 22.55 0.018 10.6 3.493 180.8 0. 021 1.755 34.91 1. 572 0.027

3 0. 243 29.00 0.150 17.1 2.313 209.0 0. 040 0.771 37.80 1. 886 0.051

4 0. 104 31.53 0.435 10.2 3.537 186.3 0. 053 0.622 38.45 2. 302 0.068

5 0. 150 30.86 0.331 12.4 3.336 189.9 0. 057 0.890 37.91 2. 424 0.036

6 0. 094 32.42 0.453 8. 9 4.100 180.6 0. 052 0.947 38.09 2. 421 0.075

7 0. 264 29.68 0.190 9. 1 4.111 180.4 0. 047 1.515 36.94 2. 287 0.052

8 0. 229 30.34 0.270 11.3 3.828 184.3 0. 050 1.616 37.04 2. 520 0.032

9 0. 375 29.16 0.148 15.3 3.267 193.1 0. 038 2.166 36.47 2. 481 0.036

10 0. 629 27.88 0.038 5. 3 6.338 156.7 0. 042 2.361 36.49 2. 474 0.080

11 0. 526 28.63 0.120 9. 8 4.368 179.7 0. 084 2.500 36.63 2. 505 0.075

12 0. 544 28.71 0.073 5. 4 6.442 157.5 0. 043 3.278 36.09 2. 487 0.059

1; n A D

2 0. 326 26.76 0.29 3.035 7.178 138.9 0.12 3.305 32.22 1. 396 0.11

3 0. 130 31.26 0.41 1.282 12.05 119.2 0.19 4.058 34.05 1. 566 0.20

4 0. 073 34.02 0.61 0.849 14.74 112.8 0.20 2.658 36.45 2. 108 0.26

5 0. 043 36.26 0.75 0.420 19.39 101.7 0.24 1.848 38.27 2. 337 0.32

6 0. 054 36.22 0.28 0.282 22.04 97.5 0.12 1.906 38.87 1. 968 0.15

7 0. 041 37.25 0.64 0.129 34.50 75.0 0.30 2.422 38.53 1. 884 0.29

8 0. 045 37.16 0.13 0.041 54.24 57.0 0.12 1.806 39.57 1. 237 0.11

9 0. 033 38.34 0.35 0.019 85.89 41.1 0.35 2.449 39.11 0. 703 0.35

10 0. 025 39.30 0.12 0.005 124.15 31.5 0.14 2.069 39.77 0. 224 0.13



T emperature Dependence of the Viscosi ty . . . 501

Sta ndard devi ati ons ¥ of the experim enta l vi scosity ( ² exp ) from the calcu-
lated ( ² c al):

¥ =

s P
( ² exp À ² c al) 2

À

(4)

where and denote the numb er of the exp erimenta l points and the numb er of
the param eters, respecti vely, are also given in Tabl e. Apa rt from the com pounds
for whi ch the m easurem ents were perf orm ed (by necessity) in narro w range of
tem perature, as for 2CB or 1,10-decanediol , the standard devi ati on corresp ondi ng
to Arrheni us equati on (1) is assertivel y higher tha n tha t of the rem aini ng two
equati ons.

Equa ti ons (2) and (3) repro duce the experim enta l tem perature dependence
of the vi scosity wi th the same rel iabi l i ty, so in tha t Ùeld the equati ons are equiv-
alent. Sol id lines in Fi gs. 1a, 2a, and 3a represent the best Ùtti ng obta ined wi th
the both equati ons. Ho wever, the strong prepondera nce of the pro posed Eq. (3)
is inherent wi th the fact tha t the concepti on of the acti vati on energy is conserved
here: i t is the slope of ln ( À ) on dependence.

The essential di ˜erence between the pl ots representi ng Eqs. (1) and (3) is
shown in Fi g. 6. It is clear tha t the apparent slop of the Arrheni us pl ot depends on
the range of temperature studi ed, because the ln on dependence is not l inear.
Sti ll , i f one ta kes into account the background, i .e. one subtra cts the constant
from the exp erimenta l vi scosity , the obta ined dependence ln ( À ) on is qui te
good l inear and the acti vati on energy can be determ ined here qui te uni vo cal ly.
No w, the questi on is about the physi cal m eani ng of the background . It is possible
tha t represents an e˜ecti ve residual vi scosity resul ti ng from the exp erimenta l
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im perfections in the vi scosity m easurements, whi ch can appear, for exam ple, in
the pro xi mit y of the edges of rota ti ng parts of the m easuri ng system or from other
sim i lar e˜ects.

Fi gures 1b, 2b, and 3b show tha t the l ineari ty forecasti ng by Eq. (3) is well
ful Ùlled for al l studi ed l iquids. The vi scosity acti vati on energy for studi ed series
of com pounds, deri ved from the slope of the l ines, are presented in Fi g. 7, as a
functi on of the n num ber.

Fig. 7. n dependence of the viscosity activ ation energy corresp ondin g to the best Ùtting

of Eq. (3) to the experimental viscosity data for studied comp ounds.

The fo llowing concl usion resul ts from the analysis of Fi g. 7: temperat ure
dependence of the vi scosit y of studi ed low- molecul ar wei ght l iqui ds, whi ch can
be represented by the vi scosity acti vati on energy, shows only a weak relat ion t o
t he type and st rength of t he int ermol ecular int eract ions and t o the length of the
mol ecul es. D espite of qui te great di ˜erences in the vi scosity values, as for exampl e
between n CB and 1 ; n -diols, the l ines ln( ² À ² 0 ) vs. T À 1 are practi cal ly para l lel to
each other, i .e. the vi scosity acti vati on energies are close to each other. The con-
cl usion seems to be im porta nt in the searchi ng of l iqui ds wi th a weak tem perature
dependence of the vi scosity .
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