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Dynamic Viscosity / Density / Temperature Dependence /

Glass Transition / cis-1,4/trans-1,3-Dimethylcyclohexane / |sooctane /
2,2,4-Trimethylpentane / Cyclopentane / | sopentane / 2-Methylpentane /
| sohexane / 1-Propanal / n-Propyl Alcohol / Alkanes

The dynamic viscosity(n) of the glass-forming 50:50 mixture of cis-Yfdans-1,3-
dimethylcyclohexane (ct-DMCH) was measured from 293K downatd26 K where
n~12x10®mPas. The viscosity measurements of several other commonly used
solvents cover the range from 293K down t 148K (n~ 14x10*mPasg for
1-propanol (1-Prop), tox~ 118K (n~25x10*mPasg for 2-methylpentane (2-MP),

to ~167K (n~10.0mPa$ for isooctane (Isooct), to~ 183K (n~2.8mPaj for
cyclopentane (CP) and down t& 98K (5~ 4.6 x 1(®mPas for the 30:70 mixture

of cyclopentangisopentane (CRP). The density(o) of all solvents was measured
correspondingly over appropriate temperature ranges.

For the solvents studied here, the temperature dependence of the viscosity can be
represented by a single Arrhenius term down~td80 K. Over a wider temperature range
down to~ 118 K the sum of two Arrhenius terms is required, and in the low temperature
regime a Vogel-Tammann—Fulcher expression is necessary to adequately describe the
temperature dependence of the dynamic viscosity.

1. Introduction

A vast variety of chemical and physicplrocesses in solution are based on
transport processes and are therefetrengly dependent on the viscosity of

* Corresponding author. E-mail: a.ruth@ucc.ie
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the solvent. The temperature depemcke of the viscosity is hence regarded

as one of the fundamental properties of a liquid which determines the time-
dependence of relaxation functions as vealithe size of transport coefficients.
Therefore accurate viscosity data of commonly used solvents as a function of
temperature are of general interest in many research areas dealing with relax-
ation and reaction dynamics in molecular liquids.

In this publication the temperaturependence of the dynamic viscosiy,
and densityp, of four frequently used solvents and two solvent mixtures is
presented (all liquids are outlined in detail in the experimental section). The
viscosity values for the one-component liquids either supplement the data in
the literature or they are compared with older measurements where available
for the respective liquid. For the solvent mixtures no temperature-dependent
viscosity measurements exist.

The viscosity of the mixturecis-1,4/trans-1,3-dimethylcyclohexane
(ct-DMCH) is particularly important to us, since it is used in experiments to
study the kinetics of the-type delayed fluorescence of anthracene in viscous
solution [1]. These measurements are to demonstrate the validity of the appli-
cation of an adequate form of Smoluchowski’'s theory to diffusion controlled
triplet-triplet annihilation (TTA), whth is strongly dependent on the viscosity
of the solvent at low temperatures. Ct-DMCH was chosen as solvent for the
delayed fluorescence measurements for the following reasons: (a) It is a glass-
forming liquid; (b) It is photochemically stable; (c) The solubility of polycyclic
aromatic hydrocarbons (like anthraceighigh in ct-DMCH even at high vis-
cosity; (d) The formation of microcryals is strongly suppressed in ct-DMCH
at low temperature — this essential @@ is important since microcrystals
can severely distort the spectral degence of the delayed fluorescence. By
applying Smoluchowki’s theory to TTAn viscous solution, the diffusion co-
efficient Dy of triplet anthracene can be extracted from the time-dependence
of the delayed fluorescence [2]. The dependencB®+bn T/» according to
the Stokes—Einstein relation serves as a crucial test for the validity of Smolu-
chowki’s formula. This motivated the measuremeny &r ct-DMCH with the
highest possible accuracy over6 orders of magnitudé€T = 293...126 K).

The dependence of the viscosity on the composition of the mixture is also
briefly discussed.

2. Experiment
2.1 Solvent preparation

The solvents and solvent mixtures reported in this publication are: 1-propanol
(1-Prop, Aldrich 997%, freezing point (f.p.) 140 K [3]), isooctané (Isooct,

! Isooctane is also known as 2,2,4-trimethylpentane; 2-methylpentane is also known
as isohexane.
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Aldrich HPLC 999%. f.p. 1658 K [3]), cyclopentane (CP, Merck Uvasol,
f.p. 1793 K [3]), 2-methylpentanke(2-MP, Aldrich 99+ %, f.p. 1195 K [3]),
30:70 mixtureby weight of cyclopentane:isopentane (@P, isopentane from
Merck Uvasol, #6056) and the 50:50 mixtuby volume of cis-1,4 and
trans-1,3-dimethylcyclohexane (ct-DMCH, Aldrich 99%, see diagram). All
solvents except for ct-DMCH were fractionally destilled over a 1 m column
(feedback ratio 1:100), chromatogragdily purified and dried with basic
aluminium oxide and degassed by a sufficient number of freeze-pump-thaw
cycles.

CH, H H,

H,C H H,C H
H

cis-1,4-dimethylcyclohexane trans-1,3-dimethylcyclohexane

2.2 Viscosimetry

The viscosity was measured by capillary viscosimetry [4—6] using KPG Ubbe-
lohde viscosimeters (types 0, Oc, I, lcgHllc, IVc, and V). The viscosimeters
are calibrated by the manufacturer with an accuracy@flL%. Details on the
evaluation procedure of viscosity values including adequate correction proced-
ures and a description of several modifications of the standard capillary method
regarding the filling procedure and thermalization of the sample, are described
in previous publications [7, 8]. All genarestimates concerning the size of sys-
tematic error limits of the apparati are given in these publications and apply
in the present work (except for the estimated temperature accuracy, which is
described in the following paragraph).

For the viscosity and density measurements with 2-MP, CP, andPCP
a home-built prototype cryostat (A) waused, which is described in detail
in [7]. The temperature control consisted of a calibrated Pt-100 resistance ther-
mometer (Lauda R46) in combination with a control unit (Haake TP24) (also
cf. [8]). The spatial homogeneity of the temperature in this cryostat is due
to a temperature gradiénthat accounts for a temperature accuracy of ap-
proximately+0.15 K. This accuracy ultimately determines the accuracy of the
viscosities obtained for 2-MP, CP, and GP.

For the viscosity and density memements of ct-DMCH, 1-Prop, and
Isooct, however, cryostat (A) was replaced by a different home-built cryostat
(B), with improved temperature stability. This cryostat is described in [8]. As

2 The temperature at the bottom of the copper block inside the cryostat is colder than
the top by~ 0.3 K.
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opposed to the control unit outlined in [8] (the same as mentioned above) a dig-
ital temperature controller (Lakeshore DRC 93CA) was used in the present
work. The temperature stability in this cryostat is estimated to be of the same
order of accuracy as the digital measuesof the absolute temperature of
£0.05 K, which ultimately determines the accuracy of the viscosities obtained
for ct-DMCH, 1-Prop and Isooct.

The density of all liquids was measdr using standard pycnometers. The
respective procedure is described in detail in Section 2.5 of [8].

3. Results

Figs. 1-3 show the experimental dynamic viscosity data of all liquids as a func-
tion of T. Fig. 1 shows;(T) of the mixture ct-DMCH for three different mole
fractions of the cis-1,4 and trans-1,3 componeinsthe 50:50 (cis:trans) mix-
ture over the temperature range 293126 K, and the 45:55 as well as the
55:45 mixtures (in the high-viscosity range only, 143126 K). The mixtures
50:50, 45:55, and 55:45 are refered to as ct-DMCH(l), (2), and (3), respectively
(Table 1). Fig. 2 showsg(T) of the 30:70 mixture CAP from 293 to 98 K, as
well as of the 27:73 mixture of G#P (in the temperature range 11399 K
only). These mixtures are refered to as/G¥1) and (2), respectively (Table 1).
Fig. 3 shows;(T) of 1-Prop, Isooct, 2-MP and CP.

We retained the empirical description of the dat@) [mPas] given
in [8],

(M)~ £§(T) = f2(T)+ f2(T) + f5(T) = A, exp(E;/RT)
+ Aexp(E,/RT) + Asexp Es/R(T — Ty)], (1)

since it proved satisfactory for all a@nts and temperature ranges studied.
Like any alternative analytical expression for the temperature dependence of
the viscosityy of organic liquids [3, 9—11], the validity and accuracy of Eq. (1)
depends on the viscosity range.t, 7ma that is to be covered. Wheip,,

is small (< 1 mPas) ant)n./nmin IS < 10 a single Arrhenius ternf,(T)

is often sufficient to describe(T) with an accuracy ok 1% [3]. In the
high-viscosity range of glass-formgnsupercooled liquids a single Vogel—
Tammann—Fulcher ternf;(T) can be sufficient to describe the temperature
dependence [9, 12] (see rows 2, 3 and 7abl€ 1). In the intermediate viscos-
ity range (10< 7ma/nmin < 10%, assuming a smal},,) either two Arrhenius
terms, f; + f,, or the full Eq. (1) are required to represeiT ) with sufficient
accuracy, depending on the liquid.

In the case of CP only one Arrhenius terfp was required to decribe
n(T), two Arrhenius termsf, and f, were used for 1-Prop and Isooct, and
for 2-MP, CP/IP and ct-DMCH the full Eq. (1) was applied to represent the
dependence of on temperature over the entire range studied. The individual
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Fig. 1. Arrhenius plot of the viscosity)(T) for ct-DMCH(l), measured in cryostat (B) [8],
i.e. AT ~+0.05K. The solid linesf(T) are calculated with Eq. (1) and the parameter
values in Table 1. The two dashed linds, f,, and the dotted lind; represent the three
summands off(T) in Eq. (1) for ct-DMCH(1). The quantityArn in the lower part of the
figure (symbols &”, “-" and “|” for ct-DMCH(1) ... (3)) is the relative deviation of
f(T) from n(T): An=[n(T)— f(T)]/n(T). Symbol “e” is used for the relative devia-
tions An = (Nomcr@) — NetbmcHk )/ Neromeny (K= 2, 3).

contributions of the Arrhenius termk(T) and f,(T) as well as the Vogel—
Tammann—Fulcher (VTF) terni;(T) are explicitly shown for ct-DMCH in

Fig. 1 and CRIP in Fig. 2. All parameters used for the best fit of Eq. (1) to the
experimental data are given in Table 1, which also includes the respective min-
imum temperaturesl,,, Of the viscosity measurements. Calculated values of
logy, (f(T)/mPas) are listed in Table 2 and measured minimum and maximum
ViSCOSIties ) min andnma, as well as the ratios,../nm» are stated in the caption

of Table 2 for all liquids. The lower parts of Figs. 1-3 show the relative devia-
tion An=[n(T)— f(T)]/n](T) of the fitted curvef(T) from the valueg)(T),
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which is for the majority of data-points smaller than 1%, in all cases smaller

than 2%.

The apparently linear temperature dependence of the experimental dens-
ity datao(T) is shown in Fig. 4. Based on Refs. [7, 8] we used a third-order

polynomial for the empirical description o T):

(2)

o(T)~g(T) = By+ B, T+ B,T*+ B,T°.



Temperature Dependence of Viscosity and Density of 713

T/K
300 200 150 100

o CP/IP 30:70
x  CP/IP 27:73

n/mPas
=

10 ,
/cﬂf f

g 0.02
S 0.00 /duc \n)wo\oﬂc/O - AOJOO\'O@%“%‘C
T -0.02-¢
>
0.03 .
8 0.0/ (] ~
®-003.
3 4 5 6 7 8 9 10

Fig. 2. Arrhenius plot of the viscosity)(T) for CP/IP(1), measured in cryostat (A) [7],
i.e. AT ~+0.15K. The solid linesf(T) are calculated with Eqg. (1) and the parame-
ter values in Table 1. The two dashed linds, f,, and the dotted linef; represent the
three summands of(T) in Eq. (1) for CRIP(1). The quantityAn in the lower part
of the figure (symbols x” for CP/IP(2)) is the relative deviation of(T) from »(T):
An=[n(T)— f(T)]/n(T). Symbol ‘" is used for the relative deviation&n = (ncpp@)—

Ncrnp@) / Nernp)-

As shown in the lower part of the figure, the magnitude of the relative deviation
Ao =[o(T)—g(T)]/o(T) of g(T) from o(T) is generally smaller than@%
(with only two exceptions for CRP). The parameters used for the fit of Eq. (2)
to the experimental data are listed in Table 3.

4. Discussion

Depending on the cooling conditions, for instance through very rapid cooling,
every liquid can in principle be supercooled below its freezing (crystalliza-
tion) point into a non-equilibrium amorphous, so-called “glassy” state. Since
for our measurements the cooling rate was very small, the lowest temperatures
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Table2. Values of Lgn = log,,(f(T)/mPas) calculated with Eg. (1) using the param-
eters in Table 1 at temperatures given in column 2. The values in brackets are extrapo-
lated. The minimum and maximum measured values as well as their(rgtio[mPa s],

Nmax [MPas), nmax/nmin) are given for all liquids studied: 50:50 ct-DMCHv(0.878,

~ 1275350~ 15x 10F), ct-DMCH(2) ( 4126, ~ 1333440, ~ 323), ct-DMCH(3)

(~ 4121, ~ 1275560,~ 309); 1-Prop € 2.228, ~ 14609, ~ 7000); Isooct £ 0.508,
~10.0, ~ 20); CP/IP(1) (~ 0.258,~ 470,~ 1900), CRIP(2) (~ 42.7, ~ 378,~ 9); 2-MP
(~0.275,~ 2532, ~ 920); CP & 0.439,~ 2.87,~ 7).

T T ct-DMCH 1-Prop Isooct CAP 2-MP CP
[10°K™]  [K] Lg 7 Lgn Lg n Lg Lgn Lgn

3.4 29412 —0.0632 0.3406 —0.2978 —0.5840 —0.5605 —0.3590

3.6 27778 0.0530 05175 —0.2109 —0.5163 —0.4915 —0.2797

3.8 26316 0.1727 0.6950 —0.1230 —0.4485 —0.4219 —0.2005

40  250.00 0.2964 0.8731 —0.0338 —0.3805 —0.3515 —0.1212

42 23810 04254 10524  0.0569-0.3123 —0.2803 —0.0419

44 22727 05608 1.2333  0.1494-0.2439 —0.2082  0.0373

46 21739 07039 14169  0.2441-0.1752 -0.1351  0.1166

48 208.33 0.8563 1.6044  0.3416-0.1061 —0.0609  0.1958

50 20000 1.0197 1.7979  0.4423-0.0367  0.0147  0.2751
52 19231 1.1955 1.9999 05468  0.0333  0.0919  0.3544
54 18519 1.3853 22139 06556 01039 01711 0.4336
5.6 17857 15906 2.4435 7®93  0.1752  0.2528 (0.5129)
58 17241 1.8129 206923 8883  0.2473  0.3374 (0.5922)
6.0 166.67 2.0538 29626 .(I32) 0.3205 0.4257 (0.6714)
6.2 16129 23157 32550 .(U41) 0.3950 0.5186 (0.7507)
6.4 15625 26013 35676 .pB13) 0.4708 0.6171 (0.8299)
6.6  151.52 2.9148 3.8972 (1.4245) 05484  0.7224

6.8  147.06 3.2610 (@402) (1.5737) 0.6279  0.8360

7.0 14286 3.6458 (4.5929) 0.7098  0.9595
7.2 13889 4.0752 (4.9525) 0.7943  1.0947
74 13514 45553 0.8818  1.2437
7.6 13158 5.0921 0.9728  1.4087
7.8 12821 56922 1.0675  1.5924
80 12500 (6.3639) 1.1665  1.7982
8.2 12195 (7.1180) 1.2700  2.0300
84  119.05 (7.9688) 1.3784  2.2935
8.6 11628 (8.9355) 1.4922  (2.5954)
8.8  113.64 (10.0430) 1.6116  (2.9440)
9.0  111.11 1.7372  (3.3486)
9.2  108.70 1.8693  (3.8198)
94  106.38 2.0088  (4.3697)
9.6  104.17 2.1566
9.8  102.04 2.3140

10.0  100.00 2.4832

10.2 98.04 2.6669

10.4 96.15 (2.8684)

10.6 94.34 (3.0919)

10.8 92.59 (3.3417)

11.0 90.91 (3.6215)

11.2 89.29 (3.9339)
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Fig. 3. Arrhenius plot of the viscosity;(T) for 1-Prop, Isooct, CP and 2-MP. The solid
lines f(T) are calculated with Eq. (1) and the parameter values in Table 1. The quantity
An in the lower part of the figure is the relative deviation &fT) from n(T): An=
[7(T)— f(T)]/n(T). 1-Prop and Isooct measured in cryostat (A) [, AT ~ +0.15K;

2-MP and CP measured in cryostat (B) [B& AT ~ +0.05K.

at which the viscosity of the single component liquids was determined, was al-
ways one degree or more above the known freezing points. The mixtuyéB CP
and ct-DMCH, however, are known to be gaforming liquids. Particularly ct-
DMCH as a liquid with different conformers may even undergo multiple glass
transitions [15] and form, besides a glassy liquid, a so-called plastic crystalline
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phase in the glass transition [16]. The highest viscosity at the lowest tem-
perature in our measurements with ct-DMCIH126 K) ~ 1.27 x 1¢f mPas,

is however many orders of magnitude smaller tlaat the glass transition

temperatureT,.® The deviation from a thermally activated (Arrhenius-) be-

haviour ofn somewhat above 126 K, which is demonstrated by the fact that
a VTF-term is required to adequately fite temperature dependence, shows

that the onset of the glass transition is already in this temperature region. The

3 T, is generally defined as the temperature, where the viscosity reaches a value of

n(Ty) = 10" mPas. Viscosities &k, imply relaxation times in excess of 100 s.
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Fig. 4. Linear plot of the density(T). The solid linesg(T) are calculated with Eq. (2)
and the parameter values in Table 3. The quamtityin the lower part of the figure is the
relative deviation ofy(T) from o(T): Ap =[p(T) —g(T)1/p(T).

parametefT, in the VTF term in Eq. (1) is typically found to be 20...30K

below the respective glass transition temperalyré\t temperatures belovi,
diffusion based processes and molecular reorientation are completely frozen.
A very rough estimate ofT, by extrapolating; to 10> mPas, yieldS, ~ 106 K

for ct-DMCH, which is in accord with the value of, ~ 86 K in Table 1.

In comparison, a temperature for the plastic crystalline phase trandigion

of the solvent cis-1,2-dimethylcyclohexane was found to be.8lK7[15],
which is surprisingly close to the very approximate valuelpbf ct-DMCH
estimated here. The value df, =~ 73K for cis-1,2-dimethylcyclohexane,
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based on dielectric relaxation measurements in [16] does not compare as
well.

The ratio ofE;/(RT,) = F (in the following referred to as “fragility pa-
rameter”) can be used to classify liquids in termsstobng andfragile glass
formers according to Angell [17,18]. For the liquids ct-DMQHH ~ 8.0),

CP/IP (F ~ 4.4) and 2-MP(F ~ 4.2), F is reasonably small indicating that all
three liquids form fragile glsses if cooled appropriately.

4.1 Reproducibilty of viscosity data

The reliability of the viscosity data is due to the temperature stabity of

the cryostats used. The uncertaibityof  is given bysn ~ (dn/0T) x AT. For

the older cryostat (A) the uncertainty of the temperature was~ +0.15 K,
which was mainly due to a temperature gradient within the cryostat. The cor-
responding errorén for the solvents measured in cryostat (A) are smaller than
+3.7% for 2-MP,+0.4% for CP and+3.6% for both CFPIP mixtures at the
lowest respective temperature measured (see Table 1). For the solvents 1-Prop,
Isooct, and ct-DMCH, which were studied in the improved cryostat (B) with
a significantly better spatial temperature stability, the total uncertainty of the
temperature waa T =~ £+0.05 K, which is mainly due to the uncertainty in the
electronic temperature read-out. Theuking uncertainties for the respective
solvents are smaller thatt1.0% for 1-Prop,+0.4% for Isooct, andt2.5%

for all ct-DMCH mixtures at the lowesespective temperature measured. For
the two-component liquids GFP and ct-DMCH an additional error may result
from the composition, which is discussed below.

4.2 Reliability of density data

The accuracy of the density measurements was limited by the following es-
timated uncertainties: the temperature dependence of the pycnometer volume
(~ 0.02%), readings of the height of the liquid in the capillagy 0.02%),

no correction for the shape of the menisqus0.02%), uncertainty of the
vapour phase correctign- 0.01%), uncertainty of the temperatu¢e 0.05%).
Moreover, the literature values,,-c for the pycnometer calibration refer to
air-saturated liquids, whereas the ggat measurements were performed using
degassed liquids, which introduces an additional uncertainty. In conclusion, the
absolute accuracy of the density data is of the order@f5%.

4.3 The glass-forming binary mixtures ct-DMCH and CP/IP

For the solvent mixtures ct-DMCH and ZIP no temperature-dependent vis-
cosity measurements could be found in the literature. It is known, however, that
the 30:70 mixture CAP stays viscous even at a temperature~d&0 K [19],
which was the reason for using this specific mixture in previous investigations
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on bimolecular photophysical procesq4@0]. The effect of mixture composi-
tion on the viscosity was studied for both liquids by deliberately altering the
respective mole fractions. In the case of ct-DMCH the 50:50 composition of
cis/trans was compared with ratios of 45:55 and 55:45 in the high viscosity re-
gion (see Fig. 1). For PP the composition 30:70 of CP and IP was compared
to that of 27:73 (Fig. 2). For all mixtures with varied mole fractions of the com-
ponentsy(T) was equally well described by a single VTF-function as shown
by the relative deviatiom\n in the lower parts of Figs. 1 and 2 (symbols “~"
and “|” for ct-DMCH(2) and (3), andx” for CP/IP(2)). In the corresponding
graphs the relative deViatiOﬂSﬂ = (nmixture(l)_ 77mi><ture(k))/nmixture(l) (k = 27 3 for
ct-DMCH andk = 2 for CF/IP) are shown using the symbad™

Ct-DMCH: A lower cis-1,4-DMCH content yielded larger viscosity values
than the 50:50 mixture for all temperatures between 126 and 143 K. The
average increase for ct-DMCH(2) was found to he B%. For a lower trans-
1,3-DMCH content no significant deviation infrom the 50:50 mixture was
observed (see Fig. 1). Considering the uncertainty of the mole fraction of
+0.5% in the preparation of the mixtures together with the total uncertainty of
the viscosity measurement &2.5% in the low temperature region, it is justi-
fied to assume the observed deviatiom@it-DMCH(2)) fromn(ct-DMCH(l))
to be still within the error limit of the measurement. This is also supported
by the fact that the fragility parametét, obtained from the VTF fit for ct-
DMCH(2) and ct-DMCH(3) only varies by.2% in accordance with the error
limit, i.e. Es;/RandT, deviate by less than.2% (Ez/R (2.4%), T, (0.4%)).

CP/IP: For the mixture with the lower CP content, @P(2), a system-
atic decrease of of up to~ 3% is observed in comparison to the P 30:70
mixture. This deviation is also well within the error limit of the measurement,
considering an overall uncertainty £#3.6% in the viscosity ané-0.5% in the
preparation of the respective mole fractions. The systematic behaviour of the
deviation could be based on the fact th&€CP/IP) was measured in the pro-
totype cryostat (A) with a more significatemperature gradient in the sample
liquid.

In conclusion, a small change in the mixtures’ compositions seems uncrit-
ical for the corresponding viscosity, ifi¢y are measured with the accuracy of
the present investigation.

4.4 Comparison with literature data on viscosity for the
one-component liquids

The available viscosity data for 1-Prop, Isooct, 2-MP and CP from the literature

are compared with the results presented here and are briefly discussed.
1-Propanoal: Literature data are available for the liquid 1-Prop over a wide

temperature range between369 K and~ 103 K [21-24] well into the su-

percooled region. The data span a @ity range of approximately 12 orders

of magnitude. The values by Thorpe and Rodger [21], who measured be-
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tween~ 213 and 369 K follow a simple Arrhenius behaviour covering the
low viscosity region betweer 1.7 and 32 mPas (see also [25]). Tammann
and Hesse [22] performed viscosity measurements in the non-overlapping
range fromn(177 K) ~ 233 to n(138 K) ~ 1.59x 10° mPas using a falling-
ball-viscosimeter. Denney [23] employed a rotating cylinder method to ex-
tend the viscosity region further 1121 K) ~ 1 x 10’ mPas, before Ling and
Willard [24] studied the high viscosity range fron{131 K) ~ 1.9 x 10° up

to n(104 K) ~ 1.5 x 10 mPas in the glass transition region by penetration
viscosimetry.

The viscosities presented here close the gap between the viscosity meas-
urements in [21] and in [22, 23]. The agreement between the present data and
those in [21] is better or similar to 1%. In the region from 138 to 177 K,
however, the viscosity data in [22] are systematically too small, deviations
range from 8%—30%. This discrepanmgn be understood on basis of the large
temperature variation of up to 3.5 degrees Kelvin reported in [22]. The low vis-
cosity regime in [23] (149.. 152 K) still overlaps with the present data and
agree within the accuracy of 20%, stated in [23]. In Fig. 2 of [23] an extrapo-
lation of viscosity data into the high temperature regime is shown, which also
supports the finding that the values measured by Tammann and Hesse are sig-
nifcantly too small. From the measurements by Ling and Willard [24] it can be
seen that, at temperatures below 150 K our descriptiof(Dj by two Arrhe-
nius terms (see Fig. 2 and Table 1) no longer holds and a VTF term is required
for an adequate description. Thus only three extrapolated values are given in
Tables 2 for 1-Prop. Ling and Willard measunggh,,, to a minimum tempera-
ture of 1035 K (assuming a constant density 08@ g cnt? in their evaluation
procedure) for which a viscosity of3x 10> mPas is reported. A discussion
of the dynamics of 1-Prop in the glass transition region in conjunction with
dielectric relaxation measurentsrcan be found in Refs. [26—28].

2-Methylpentane: In [29] viscosity data on the glass-forming liquid 2-MP
are reported betweef(96.5 K) ~ 5.2 x 10° and#(80.5 K) ~ 6.3 x 10" mPas
in a temperature region well below the one presented here. Greenspan and Fis-
cher [30] report relative viscosities obtained with penetrometric measurements
in a similar temperature range- 94...101 K).

Cyclopentane: The viscosity of CP can be compared to results by Fischer
and Weiss [31], who measured the dgme viscosity of CP between 250 and
315 K. The viscosities in [31] are systematically larger, the densities system-
atically smaller than our values, the deviation however is alway$o and
< 0.1% respectively. Assael and Dalaouti [32] also studied the pressure depen-
dence of the viscosity of CP between 24t 310 K. Their data also agree with
our results to better than 1%, which corresponds to the error limit stated in [32]
for that temperature region.

Isooctane: The pressure dependence of tensity and viscsity of Isooct
was studied by Padua al. [33, 34] for temperatures between 198 and 348 K.
The densities and viscosities measured at normal pressure agree with our data
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in the overlapping temperature region within0.2% and< 2%, respectively,
except for the lowest temperature reported in [33], where the deviation is
~ +0.4% and~ +8%. The temperature uncertainty in [33] is stated to be
somewhat smaller than in the present investigation. A discrepaney 28

in the viscosity can be explained by the difference in temperature stability in
combination with the reported uncertainty in the pressure at normal conditions.
The differences of values(198 K) is however not understandable on basis of
the data reported, since even an error as large@s5 K in the temperature
stability would only cause a discrepancy-0fl% at 198 K.

5. Summary

The dynamic viscosityn(T) of the 50:50 mixture of cis-14rans-1,3-
dimethylcyclohexane was measured by capillary viscosimetry over a range
of almost seven orders of magnitudgT) can be well described by(T)

the sum of two Arrhenius terms and one Vogel-Tammann—Fulcher term, the
latter dominates at high viscosities. This description also holds to describe
the temperature dependence ipfof several other frequently used organic
solvents (1-propanol, 2-methylpentane, cyclopentane, isooctane and the mix-
ture cyclopentangsopentane), whose dynamic edsity was measured over

~ 1-5 orders of magnitude. The relative accuracy of the measured viscosity
data ranges frort-0.4% at high temperatures t83.7% at low temperatures.
Systematic deviations of(T) from »(T) are typically < 2%. Changes in the
mole fraction of the binary mixture of 5% result in a deviation of the viscos-

ity within experimental error. The temperature dependeri@e of the density

of the solvents is also reported.
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