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T a b l e  IV. Average Expansivi t ies of Hexanol  Isomers 
between 25 and 35 ‘C 

10%. O C - 1  

l-hexanol 

2-hexanol 
2-M-1-P 

3-M-2-P 
4-M-2-P 
3-M-3-P 
2-M-2-P 
6 

0.88 1.0 0.9 1.0 
0.91 1.1 0.9 1.0 
0.97 1.2 1.0 1.1 
1.01 1.1 1.0 1.1 
1.03 1.1 1.0 1.1 
1.08 1.2 1.1 1.2 
1.08 1.2 1.0 1.1 

0.13 0.03 0.09 

are given in Table 111. To correlate both densities and re- 
fractive indices a HP-85 computer was used, the goodness of 
fit being 1.0 for the densities of all compounds and higher than 
0.99 for the refractive indices. 

The molar refractions of substances have been evaluated by 
several empirical formulas of which only the Lorentz-Lorenz 
(U) relation has a sound theoretical basis. However, it has 
been shown that the Gladstone-Dale (OD) and Eykman (E) 
formulas are as successful as that of Lorentz-Lorenz in giving 
a temperature-independent molar refraction. I f  the molar re- 
fraction were strictly a function of temperature, then the dlf- 
ferentlal form of Gladstone-Dale, Lorentz-Lorenz, and Eykman 
formulas would imply a dired relation between coefficient iso- 
baric thermal expansion, a, and the temperature dependence 
of refractive index. These expressions would be (70) 

-1 dn 

(n2 - I)@* -6n + 2) PI dt 

-(n2 + 0.8n + I )  dn 

am = -1-1 n - 1  dt (3) 

(4) ( Y L  = 

= (n2 + 1)(n + 0 . 4 d d  
(5) 

Table I V  shows the average expanslvities of the alcohols 
directly obtained from denslties between 25 and 35 O C  along 
with those evaluated by means of eq 3-5. These values are 
in agreement with those found In the literature for l-hexanol 

2-hexanol (0.99 (7) ) ,  4-M-2-P (1.05 (7 ) ,  1.01 ( 7 7 ) ) ,  3-M-3-P 
(1.08 (7)), and 2 4 - 2 9  (1.05 (7)) ,  the largest discrepancy ap- 

(0.89 (6), 0.89 (71, 0.87 ( 7 7 ) ) ,  2-M-1-P (0.91 (7 ) ,  0.9 ( 7 7 ) ,  

pearing for 3-M-2-P with a difference of 4 X 
A survey of Table I V  data shows that am, au, and cyE are 

higher than the experimental values; however, the discrepancy 
is greater for om and than au. 

The mean deviation, 6 = xla,, - a,,,,1/103N, is 0.13, 
0.03, and 0.09 for the thermal expanslvities calculated from eq 
3-5, respectively. The errors of the values calculated through 
expression 4 oscillate around 2% except for 2-M-2-P, where 
the error is higher than 7%, which permits one to reproduce 
sufficiently the data of the Isobaric thermal expansion coeffi- 
cients of these pure substances. 

Glossary 

A,  B parameters of eq 1 
a, b parameters of eq 2 
N number of experimental points 
n refractive index 
t temperature, O C  

Greek Letters 
a thermal expansivity, O C - ’  

6 mean deviation 
P density, ~ c m - ~  

3-M3-P, 77-74-7: 2-M-2-P, 590-36-3: l-hexanol, 1 1 1-27-3; 2-hexanol, 

O C - ’ .  

R-V NO. 2 - ~ 1 + ,  ioww w 2 + ,  ~ 3 5 - g ~ ;  w 2 + ,  106-11-2: 

626-93-7. 
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Associatlon of Acridine Orange in Nonaqueous Solutions 

Vlncenzo Vltagllano, Omella Ortona, Roberto Sartorlo, and Lucla Costantlno 
Istitoto Chimlco dell’Universiti di kpoli, Napoli, Ita& 

The dhr lzat lon constank of acrMlne orange (AO) In 
varlowr organlc solvents have been measured 
spectrophotometrlcaily at 20 OC. These constants are 
2-3 orders of magnltude lower than In water. The 
peculiar role of water as a dye solvent has been stressed. 

Introduction 

The assoclatbn process of metachromatic dyes in aqueous 
solution has been the subject of a wide literature ( 7 ,  2 ,  and 
references therein). On the other hand, to our knowledge, the 

behavior of these dyes in nonaqueous medium has never been 
particularly studied. 

In  the concentration range 104-104 moi/L drastic spectral 
changes are observed In aqueous solution. These changes 
have been interpreted in terms of multiple association of dye 
ions that interact through the a-electron orbital system of the 
aromatic rings, stacking in a sandwichlike mode (3-6). 
Thermodynamic data of association are available in the Iitera- 
ture for a variety of dyes (2). 

On the contrary, in nonaqueous medium very limited changes 
are shown by the absorption spectra, in the same concentration 
range, and dye solutions essentlally obey Beer’s law. 
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Figure 1. Extinction coefficients of acridine orange hydrochloride in 
methanol at various molalities: (1) m C lo-', (2) m = 0.0583, (3 )  m 
= 0.105, (4) m = 0.146. 

We thought it interestlng to study the behavior of a meta- 
chromatic dye, acridine orange hydrochloride (AO), in nona- 
queous solution, extending the concentration range up to 
0.01-0.1 M and using several solvents. We could observe that 
in this concentration range the dye optical absorption spectra 
show changes similar to those shown in water in the concen- 
txation range 10"-104 M (see Figure 1). This is evidence that 
A 0  associates also in nonaqueous medium. From the ab- 
sorption data it has been possibe to compute the dimerization 
constants of A 0  in several nonaqueous solvents. The data 
have been compared with those obtained in water (6). 

Experimental Sectlon 

Melerlels. Acridine orange hydrochloride (Merck) was pu- 
rified as described in a previous paper (7). The purified A 0  
base was dissolved in methanol and neutralized with the stoi- 
chiometrlc amount of concentrated HCI, and the AO-CI was 
precipitated with ethyl ether from the methanol solution. 

AOG crystalizes from alcoholic solutions with one water 
molecule, as found through the X-ray analysis of AOG crystals 
(8 )  and checked spectrophotometrically on our A M I  samples. 
Accordlngly, compositions of all solutions prepared from the 
purified acridine orange hydrochoriie were computed using the 
molecular weight of the species (AO.HCI).H,O. 

All solvents were reagent grade. Formamide was vacuum 
distilled before use. All other solvents were used without further 
purification. 

All solutions were diluted by weighing concentrated stock 
solutions (compositions are given in molalities). 

Absorption spectra were taken with a Perkin-Elmer Model 
320 spectrometer using cells of different paths (ranging from 
10 to 0.01 mm) and a thermostated cell holder at 20 f 0.2 O C  

(extinction coefficients are given in absorbance X cm-' X L X 
mol-l). 

Discusslon 

A recent analysis of the absorption spectra of A 0  in aqueous 
solution allowed us to obtain the experimental extinctions of the 
monomer and those of the highly associated species and to 

Flgwe 2. Dimerization constant of acridine orange expressed in terms 
of molalii (eq 4); (0) a, computed through eq 5, (1) E ,  = 16000 (2) 
E ,  = 10000, (3) E, = 0.0 (0) a, computed by using eq 7 (4). 

evaluate the spectrum of the dimer (6). From these data the 
constants of the multiple equilibrium 

D + D = D, K,, = [D2]/[DI2 

were computed according to the model suggested by Robinson 
et al. (3). 

This careful analysis of absorption spectra is not possible in 
nonaqueous medium. In  fact, even in the most concentrated 
solutions the monomer dye species prevails and the only rele- 
vant equilibrium is the dimerization (eq 1). The dimerization 
constant (in terms of molality) assumes the expression 

(4) 

where a1 is the fraction of monomer dye and m the stoichio- 
metric dye molality. 

Under these conditions any extrapolation to compute the 
dimer absorption or that of more highly associated species is 
affected by a large error. We tested two possible ways to 
obtain reliable K,,, values using two different procedures to 
compute al. 

(1) The monomer fraction a1 is related to the extinction 
coefficient through the expression 

K,,, = (1 - a 1 ) / ( 2 a 1 2 m )  

€ - E ,  
al(m) = - (at constant wavelength) (5) 

where E is the extinction coefficient of a solution of molalii m 
at a given wavelength X1 (the wavelength of the maximum 
absorption of monomer dye was used in out computations), and 
E, and E, are the limiting extinction coefficients of the mo- 
nomeric and dimeric dye at the same wavelength. 

Since E, cannot be obtained with good accuracy, we com- 
puted K,,, for a set of solutions at different compositions using 
an arbitrary, although reasonable, value for E,; the K,,, values 
were extrapolated at infinite dilution. I t  was found that the 
limiting K,,, value, at inflnlte dilution, is almost Independent of the 
E, choice. This can be seen in the graphs of Figure 2 (black 
points) where the K,,, data for A 0  in methanol are drawn for 
three different E, values. 

(2) An analysis of the A 0  data in aqueous solution recently 
published (6) has shown that the a,  value, for a,  2 0.45, is 
almost a linear function of the ratio 

El - E ,  

R = €,/E, 
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Flguro 3. Fraction of monomer acridine orange, in aqueous solution, as a function of the ratio R (eq 6) between the extinction coefficient E,, 
measured at Ai = 492 nm, and the extinction coefficient E, measured at two values of A, (experimental data from ref 6), straight lines from 
eq 7. 
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Flgure 4. Dimerization constant of acridine orange in dimethylform- 
amide ( l ) ,  N-methylformamide (2), and formamide (3) (a, computed 
through eq 7). 

where E, is the extinction coefficient at the wavelength of the 
monomer maximum (A1 = 492 nm) and ED is the extinction 
coefficient at a wavelength near to the dimer maximum (A, = 
465 nm). For different A, values, in the range 460-465 nm, 
the following general expression holds for a,: 

1.095 0.0766 
a1 = R -  - 0.095 (7) Ro - 0.070 Ro - 0.70 

where R o  is the limiting value of R at a1 = 1. In  Figure 3 the 
experimental a1 vs. R and eq 7 are compared for two A, 
values: at A, = 460 nm, R o  = 1.91; at A, = 465 nm, R ,  = 
1.68. 

The wavelengths of maximum absorption and the corre- 
sponding extinction coefficients are different in different solvents 
(see Table I); on the contrary, the ratios R o  are reasonably 
constant and all included in the range 1.60-1.90. 

Under these conditions we thought it reasonable to assume 
the same relationship between R and a1 in nonaqueous soh- 
tlons as the one found in water (eq 7). The R, constants in 
nonaqueous solutions, used in eq 7, are given in Table I. 

The dimerization constants (eq 4) computed by using ai from 
eq 7 were found almost constant with concentration (see Figure 
4). Furthermore, in the cases where both procedures 1 and 
2 were used to compute K,,, , the same extrapolated value was 
obtained (see Figure 2, circlets). 

Table I 
Kmn Ab A,c  EM^ Rof tS solvent 

formamide 
N-methylform- 

amide 
dimethylform- 

amide 
methyl alcohol 
ethyl alcohol 
n-propyl 

alcohol 

acetic acid 
dimethyl 

sulfoxide 
methyl alcohol 

(51 %)-water 
(49%) 

amide 
(36 %)-water 
(64%) 

water (ref 6 )  

n-butyl alcohol 

dimethylform- 

31.0 
8.1 

5.7 

5.0 
6.2 
9.3 

15.1 

- 1.4 
- 25 

30 

11.0 

1.4 x 104 

0.9 495 
0.3 492 

0.4 492 

0.4 488 
0.4 490 
0.4 489 

0.5 490 
493 
495 

2 490 

0.7 492 

492 

61 100 
56 800 

58 600 

69 900 
67 900 
65 700 

67 300 
61 700 
58 300 

68 200 

59 000 

63 800 

468 1.82 111 
468 1.76 177 

465 1.85 38 

465 1.75 33 
468 1.80 25 
468 1.73 20 

468 1.81 17 
465 1.92 6.2 
470 1.77 47 

465 1.83 

470 1.72 

465 1.68 89 

"Dimerization constant of A 0  in 1000 g of solvent mol-', as de- 
fined by eq 4. bMean square error on the intercept of K = f (m) ,  
from least-squares. Wavelength of maximum absorption of mo- 
nomer dye. dExtinction coefficient of monomer dye at  A,. 
e Wavelength of maximum absorption of dimer dye. 'Limiting ra- 
tio E M / E D  (eq 6) in very dilute solution. #Dielectric constant of 
solvent. The K,,, data for acetic acid and dimethyl sulfoxide are 
only indicative. 

We preferred to choose procedure 2 for all solvents as it is 
simpler, is independent of the optical path, and minimized the 
errors connected with small concentration errors. The results 
are collected in Table I .  

The general behavior of metachromatic dye absorption 
spectra as a function of concentration shown by A 0  in nona- 
queous solvents confirms that the spectral shifts connected with 
dye stacking are due to the direct dye-dye interaction through 
the a-orbital system without solvent interference (6). Further 
support for this evidence comes from the spectra of A 0  salts 
in the solid state. These spectra correspond to those of a 
stacked species and the crystal structure shows the presence 
of the a-electron interaction (8). 

Table I data show that the medium dielectric constant does 
not affect the dye stacking tendency, although the dye ions 
associate against the electrostatic repulsion between charges 
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Figure 5. Ratio R (eq 7) for acridine orange in methanol-water solu- 
tions X ,  = mole fraction of water; dye molality - lo-' mo1/1000 g. 

of equal sign. We may compare K, in acetic acid (-25, t = 
6.2), K,,, in N-methylformamide (6.5, t = 177), and K,,, in water 
(1.4 X IO4, t = 89). On the other hand, the K,,, constants of 
Table I seem to show a possible correlation between the dye 
stacking tendency and the self-association tendency of the 
solvent. Particularly interesting is to observe the K, change 
along the formamide series (see Figure 4): it increases with the 
increasing possibility of the solvent molecules associating 
through hydrogen bonding. No H bonds are expected in di- 
methylformamide; linear sequences of H bonds are possible in 
N-methylformamide (as in the alcohol series), while the pres- 
ence of the NH, group in formamide allows for the possible 
formation of a two-dimensional network of H bonds (9, 70); the 
same possibility is present in acetic acid. 

On the other hand, the peculiar role of water as a dye solvent 
must be stressed. The A 0  dimerization constant in water is 2-3 
orders of magnitude hisher than in other solvents. In this case 
several authors suggested that hydrophobic Interactions give a 
dominant contribution to the stacking process (4, 6 ,  I 7  - 78). 

and favoring the possibility even of a two- or three-dimensional 
network. Actually it must be stressed that even in mixed sol- 
vents we are always in a "nonaqueous" medium. Water in 
mixed solvents is in fact far from being "common water". In  
the water-methanol system it has been observed that the A 0  
stacking increases slightly up to a water-to-methand ratio - 2: 1 
(see Figure 5). At higher water concentration the dye asso- 
ciation increases drastically. So we may assume that the 
clusterlike structure of water, responsible for the very high 
stacking tendency of dyes, starts to organize itself for water- 
to-methanol ratios higher than 2: 1. 

Registry No. AO, 65-61-2; formamide, 75-12-7; N-methylformamlde, 
123-39-7; dimethylformamide, 68-12-2; ethyl alcohol, 64-17-5; n-propyl 
alcohol, 7 1-23-8; n-butyl alcohol, 71-36-3; acetic acid, 64-19-7; dimethyl 
sulfoxide, 67-68-5; water, 7732-18-5; methyl alcohol, 67-56-1. 
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the light of our previous suggestion this depends on the Received for review January 2% 1984. Accepted JUb 24, 1984. This r e  

search has been supported by the Italian C.N.R. and the Mlnistero della Pub- 
blica Istruzione. 

Viscosity of Gaseous Chlorotrifluoromethane (R 13) under Pressure 

Mltsuo Takahashl, ShlnJi Takahashi, * and Hlroji Iwasaki 
Chemical Research Institute of Nonaqueous Solutions, Tohoku University, Sendai, 980 Japan 

The viscosity of gaseous chiorotrlfluoromethane (R 13) 
was measured by using an osclllsting disk vfscometer of 
Maxwell type at 273.15-373.15 K in the prersure range 
up to 10.4 MPa. Two empkkai equations were obtained 
for the vkcodty as a function of temperature and pressure 
below 2 MPa and as a function of temperature and 
denslty in the whole range of pressure. Ai80 an empirical 
equation was obtsfned for the atmospheric viscosity as a 
function of temperature. The intermolecular force 
parameters of the LennardJones 12-6 model were 
determined from the temperature dependence of the 
atmospheric viscoelty as follows: d k  = 204.0 K, CT = 
0.4971 nm. 

Viscosity data of fluids are needed for the analysis of heat 
and mass transfer and for the design of related equipment. 
Also those are important information in determlnlng the Inter- 
molecular force parameters available for the prediction of 
various physicochemical properties. 

Many halogenated hydrocarbons are commonly used as re- 
frigerants and expected to be used as working fluids of turbines. 
However, the experimental data for gas viscosity under pres- 
sure are scarce and the rellabUlty of the literature data is un- 
certain because of the large discrepancies among them. 
Therefore, the measurement of the gas viscosity of halogenated 
hydrocarbons under pressure is being continued by us, and the 
viscosities of chlorodifluoromethane (R 22) and dichlorodl- 
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