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New Static Apparatus and Vapor Pressure of Reference Materials: Naphthalene,
Benzoic Acid, Benzophenone, and Ferrocene

Manuel J. S. Monte,*T Luis M. N. B. F. Santos, Michal Fulem,™* JoseM. S. Fonsecd, and Carlos A. D. Sousa

Centro de Investig@ em Qumica, Department of Chemistry, Faculty of Science, University of Porto,
Rua do Campo Alegre, 687, P-4169-007 Porto, Portugal, and Institute of Physics, Academy of Sciences of the Czech Republic,
CukrovarnickalO, CZ-162 53 Prague 6, Czech Republic

A new static apparatus, capable of measuring vapor pressures in the range (0.4 to 133) Pa and in the temperature
range (243 to 413) K, is fully described. The performance of the new apparatus was checked by measuring the
vapor pressures of four compounds recommended as reference materials for the measurement of vaper pressure
naphthalene, benzoic acid, benzophenone, and ferrocene. A recommended value for the enthalpy of sublimation
of benzophenoneA?H?(298.15 K)= (95.1+ 1.9) kImol %, is suggested.

Introduction measurements. So, it is expected that this apparatus will allow

Vapor pressure is a fundamental physicochemical property the measurement of vapor pressures with high accuracy.

indispensable for many important studies and applications
including separation processes, development of models to
simulate the behavior of chemicals in the environment, etc. Materials. Naphthalene (@Hs, CASRN 91-20-3) was pur-
Vapor pressure results are also important for the calculation of chased from Aldrich (mole fraction purity= 0.99) and further
other important physicochemical properties, such as the enthal-purified by zone refining withx = 0.9999. Benzoic acid
pies and the entropies of vaporization or of sublimation, activity (C7HsO2, CASRN 65-85-0) NIST standard reference material
coefficients, etc. The accurate determination of vapor pressures39i (x = 0.99997, determined by freezing point measurements)
however, is not an easy task, in particular in the low-pressure was used without any further purification. Benzophenone
region and literature data coming from different authors often (Ci13H100, CASRN 119-61-9) was supplied by Aldrick &
show a significant scatter and/or are influenced by systematic 0.99) and was purified by sublimation at reduced pressure. The
errors. mole fraction purity of the sample used for vapor pressure
There are several methods for measuring vapor pressuremeasurement was= 0.9999. Ferrocene (gHioFe, CASRN
described in the literatufeOur laboratory has been already 262-20-4) was obtained from Jansen Chemicas(0.99) and
equipped with two Knudsen effusion apparatuses that enablewas further purified by sublimation at reduced pressure. Final
the measurement of sublimation pressures below %Pl purity achieved wag = 0.9999. The purity of the samples used
extend the measured pressure range, a new static apparatus wder vapor pressure measurements was determined by gas
constructed. This apparatus, based on a capacitance diaphragr@hromatography using Hewlett-Packard 4890 gas chromatograph
gage, is capable of measuring vapor pressures of eitherequipped with a column HP5 cross-linké % PH MESiloxane,
crystalline or liquid samples in the pressure range (0.4 to 133) length 30 m, film thickness 0.26m, 0.32 mm i.d., and FID
Pa and in the temperature range (243 to 413) K. To test the detector.
performance of the new apparatus, it was decided to measure Experimental ApparatusThe newly constructed apparatus
the vapor pressures of four compounds recommended asis schematically shown in Figures 1 and 2. It is constructed of
reference materials (naphthaleh@ benzoic acid;® benzophe- stainless steel tubing of internal diametgr= 17 mm with
non€-? and ferrocen®y although the vapor pressure data for connections ConFlat DN 16 CF and includes all metal angle
some of these compounds are not yet accurately estabtished valves, VAT series 57 high-temperature range for UHV,
this is why new collections of vapor pressure results of these operated pneumatically.
compounds are still highly requiréd. The pressure is measured by a capacitance diaphragm absolute
The newly constructed apparatus is equipped with modern gage MKS Baratron 631A01TBEH. Its measuring upper limit
digital measuring and reading devices, namely, with a new type is 133 Pa, and the uncertainty is 0.25 % of the reading pressure
of absolute Baratron manometer with self-controlling temper- as stated by the manufacturer. The temperature of the pressure
ature system working at a higher temperatdre=(423 K) than sensor is kept af = 423 K by the self-controlling temperature
previous models. The internal diameter of tubing is relatively system. The pressure gage has been calibrated at 423 K by the
large, favoring the complete degassing of samples after a fewmanufacturer at seven equally spaced pressures from 0 to 133
cycles of measurement and significantly decreasing the possiblePa with a maximum deviation of 0.23 %. This calibration is
influence of thermal transpiration on low vapor pressure traceable to the National Institute of Standards and Technology

Experimental Section

(NIST).
E.Cn?gfsﬁ?nmdéﬂ?e%%hﬁg the'-*351226082816- Fax++351226082959. The sample is placed inside a cylindrical metal (stainless steel)
t Univérsitly of Porto. cell that is connected to the tubing system by a VCR8 connection
* Academy of Sciences of the Czech Republic. (¢ext = 12.7 mm). The cell is placed inside the cylindrical cavity
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Figure 1. Schematic representation of the measuring system: a, computer; b, data logger Keithley 2700; c, RS 232C; d, high-temperature all metal electro
pneumatic valves VAT series 57; e, temperature-controlled bath JULABO model F33-MW; f, heat exchange tube cavity; g, pressure transducer, MKS
Baratron model 631A01TBEH; h, temperature sensor, Pt 100; i, PID temperature controller; j, bath fluid circulation tubes; k, sample cell agakair, for
convection oven; m, Teflon greaseless valve J. Young SPOR/20; n, glass liquid nitrogen trap; o, Teflon greaseless gas admittance valve J. Ypung ALS1;
isolation valve VAT series 010; g, wide range vacuum gage Edwards WRG-S; r, turbomolecular vacuum pump system Edwards model EXT70; s, Pirani
gage Edwards APG-M,; t, air admittance valve; u, foreline trap Edwards FL20K; v, rotary pump Edwards RV3.

) P on the international temperature scale ITS-90.
d ) oo The tubing between the cell and the pressure gage is placed
E % in an insulated metallic box thermostated at a temperature higher
; a than that of the sample in order to avoid condensation of its
{ vapor. The box is thermostated by using air convection forced
— . by means of a ventilator and is controlled by a PID temperature
B g] ! regulator Eurotherm 2116 connected to a Pt100 thermometer

b
c |

245 mm

. = to + 0.1 K.

1] ox | . The data acquisition system consists of a Keithl&y @igits

i - data logger K2700 and a program developed in HP-VEE, which
a e [4—1( monitors the analogue output of the pressure transducer, the

[

l:ﬁ
0ol coo]

temperature of the sample, and the temperature of the thermo-
) stated box. The temperature of the circulating fluid is pro-
T grammed and monitored using the software application
Figure 2. Schematic representation of the temperature-controlled vacuum E@SyTemp, supplied by Julabo Lobortechnik GmbH. Both the
line: a, high-temperature all metal electropneumatic valves VAT series 57; Ke”_h'ey data logger K2700 and the Julabo F:_)>3'MW thermo-
b, temperature-controlled forced air convection oven; ¢, VCRS connection static bath are connected to a computer using a RS-232 C
to the pressure transducer; d, pressure transducer, MKS Baratron modeiinterface.
631A01TBEH; e, ConFlat DN 16 CF vacuum connections; f, sample cell The vacuum pump used to evacuate the system between the

tube; g, PT100 temperature sensor; h, heat exchange sample cell tube cavity; - .
i, connection to the high vacuum pumping system; j, VCR8 connection to measuring cycles is a turbomolecular pump Edwards model

the cell sample tube; k, bath fluid circulation connection (liquid out); I, EXT70. The primary vacuum is assured by a rotary pump
bath fluid circulation connection (liquid in). Edwards model RV3. A cold trap cooled by liquid nitrogen is

placed between the measuring system and the turbomolecular
of a thermostated vessel consisting of a closed double-jackedPump.
copper cylinder (see Figure 2) with a circulating fluid from a In a typical measuring experiment, the sample is placed inside
thermostatic bath, Julabo F33-MW, which allows adjusting the the thermostated sample cell, and the system is evacuated to a
temperature of the sample from 243 K up to 473 K with a pressure of 16 Pa (with valve number 1 closed). Prior to the
stability of + 0.01 K. The internal cavity is 120 mm long and measurement of the vapor pressure, the absence of materials
has an internal diameter = 13 mm. The temperature of the adsorbed on the inner surface of the metal tubing is checked
sample is measured using a platinum resistance thermometeby closing the valve number 2 for some minutes. If any
Pt100 class 1/10 (in a four wire connection) located in the desorption is detected valve 2 is opened, and the metal tubing
bottom of the tube cavity (a silver-based thermal contact pasteis heated to a higher temperature and baked out until no pressure
is used in the inter-space between the sample tube and the cavityncrease (after closing valves 1 and 2) with time is observed.
in order to ensure a good thermal contact between the Then the sample is cooled to a temperature where the vapor
thermometer and sample). This thermometer was calibrated bypressure is expected to be very low, and the whole system is
comparison with a SPRT (2%2; Tinsley, 5187A). The pumped out for 0.5 h.
uncertainty of the temperature measurements is estimated to be After the above-described procedure, a measurement run starts
better thant 0.01 K. All temperatures reported here are based by closing the valve 2 and opening the valve 1. Then the

f
g
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A s ; . . Table 1. Experimental Data on Vapor Pressure of Naphthalerfe

one measuring cycle TK  pPa ApPa T/K pPa ApPa TK  pPa Ap/Pa

a4l [ (v - 2884 262.24* 0.182 —0.011 273.17 0.746 0.000 288.15 3.9720.015
- 262.25* 0.181 —0.012 274.18 0.843 0.003 288.15 4,010 0.023

263.24* 0.213 —0.007 274.19 0.842 0.000 288.17 3.9800.016

sl 263.24* 0.213 —0.007 275.19 0.959 0.013 288.19 3.9920.012

© 264.23* 0.241 —0.008 276.14 1.061 0.005 293.18 6.6990.023
%‘_ 2882 264.23* 0.244 —0.005 276.15 1.059 0.002 293.20 6.768 0.032

zm WWWW’M—_’M R 264.24* 0.244 —0.006 277.17 1.191 0002 29320 6.757 0.021
265.22* 0.279 —0.004 277.19 1.200 0.008 298.18 11.10  0.01
1 265.22* 0.277 —0.005 278.14 1.331 0002 298.19 11.16  0.06
266.21* 0.315 —0.005 278.15 1.338 0.008 298.19 11.09-0.01
s 2880 266.21* 0.314 —0.005 278.17 1.334 0.001 29820 11.20  0.09
266.21* 0.313 —0.007 27819 1.331-0.005 303.15 17.94  0.01
267.16 0.359 —0.001 279.19 1.490-0.007 303.15 17.97  0.04

0 . L . L . L . 267.16 0.355-0.005 279.19 1.490-0.007 303.16 17.98  0.04

100 120 140 160 180 268.15 0.407 0.000 280.19 1.67+0.004 303.18 17.97 —0.01

7min 268.17 0.407 —0.001 280.19 1.668—0.007 308.14 28.68  0.13

269.18 0.464 0.002 281.19 1.8660.013 308.15 28.64  0.06

B 426 T T T T g 288.25 269.18 0.462 0.000 281.20 1.8620.014 308.27 28.90 0.00

270.16 0.517 —0.003 281.21 1.860—0.018 313.15 45.03 0.18

270.16 0.519 —0.001 282.17 2.078—0.011 313.15 45.08 0.23

424 - 270.17 0.525 0.004 282.19 2.0830.010 313.18 45.01  0.04
28820 271.20 0.591 0.001 283.18 2.367 0.033 318.21 69.70  0.01

27120 0592 0.002 28319 2.342 0.005 318.22 69.620.13

27217 0.663 0001 283.19 2.3180.019 318.25 69.75 —0.18

27220 0.667 0003 28319 2.360 0.023 323.19 105.8-0.2

128815 % 27317 0751 0.005 28320 2.3230.017 323.24 1059 —0.5
273.17 0.748 0.002 288.14 3.9680.015

p/Pa

2 Ap = P — Peale Wherepearcis calculated from the Clarke and Glew eq
3 with parameters given in Table 5. An asterisk (*) indicates that the data
are not included in the fit.

-1 288.10

416 250 ‘ py : 770 ‘ P 130) Pa. Parameters of the Clarke and Glew eq 3 obtained by
Amin fitting experimental data for naphthalene and for the other
Figure 3. (A) Record of the measurement. (B) Detail of the pressure and compounds St_Ud'ed are given in Table 5.
temperature reading indicating a good thermal contact between the Benzoic Acid.Benzoic acid has been recommended as a
thermometer and sample (fluctuations in sample temperature correspondcalibrant for measurements of the enthalpy of sublimation of
to those in measured pressure). substances having a vapor pressure of approximately 0.1 Pa at
298.15 K-1%90r (10 to 360) Pa in the temperature range (338 to

pressure above the condensed phase is recorded during soMgg3) K’ although its use has been questioned due to the
minuteS Until a Stable Value iS Obtained (See Figure 3A) Aftel’ poss|b|l|ty of assoc|at|on Of the Compound in the Vapor
that period the valve 1 is closed, and the valve 2 is opened phasei213 Despite the uncertainty of abott 3 % on vapor
allowing a new evacuation of the system after which the pressure pressure data, benzoic acid was also recommended as a reference
is measured again. If subsequent measuring cycles yield amaterial for vapor pressure measureménts.
constant value for the measured pressure, the sample is vapor pressures of benzoic acid were determined in the
considered to be SUffICIently degassed, and the measured ValuQemperature range from 310 K to 362 K, Corresponding to a
is considered the equilibrium pressure at the temperature of theIoressure range of (0.4 to 69) Pa. Experimental data on vapor
sample. It was found advisable to pump the sample (valve 1 pressure of benzoic acid are listed in Table 2.
opened) for a short time before each measuring cycle. The  BenzophenoneBenzophenone has been used to test experi-
eXpeI’ImentaJ runs are Car”ed at SeVeraI dlffel‘ent temperatureSrnental equipment for the measurement Of Vapor pressures in
over a chosen temperature interval. The temperature of eachne pressure range of 0.3 Pa to 130 Pa with a corresponding
run follows a random sequence in order to detect SVStemaﬂCtemperature interval of (307 to 385)%!5The recommendation
errors caused by possible decomposition or insufficient degas-as a reference material was made with reservations, which
sing of the sample. involved a reported metastable crystalline pha<e No
evidence for any metastable crystalline phase, however, was
found in a recent work by Chirico et &l .Liquid benzophenone

Naphthalene Naphthalene has been suggested as a referencesupercools easily by more than 50 K (to below 270'KThis
compound for vapor pressure measurements b@ew1000 permits to perform measurements on both the liquid and
P& as well as for enthalpy of sublimation and heat capacity crystalline phases over a common temperature interval. As
measurements!® The measurements of vapor pressure of concluded by van Genderen and Odnlkapor pressure data of
crystalline naphthalene were performed in the temperature rangebenzophenone have still uncertainties of approximate/%.
from T = 262 K up toT = 323 K, corresponding to a pressure The vapor pressure measurements of benzophenone were
range betweep = 0.2 Pa ang = 106 Pa. The experimental performed in the temperature interval (308 to 385) K, corre-
results of the vapor pressure of naphthalene listed in Table 1sponding to a pressure range from 0.4 Pa to 129 Pa. The vapor
were fitted by the Clarke and Glew equatidfeq 3) with three pressures were measured above the crystalline as well as above
parameters (only data above 0.4 Pa were included) which wasthe liquid phase. The vapor pressures of the undercooled liquid
found to be the most adequate equation for correlating vaporwere measured down to 308 K (the reported triple-point
pressures measured in a temperature interval of about (50 totemperature of benzophenone being 321.19"Kxperimental
80) K and in the pressure range of the new apparatus (0.4 todata on vapor pressure of benzophenone are listed in Table 3.

Results
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Table 2. Experimental Data on Vapor Pressure of Benzoic Acitl Table 4. Experimental Data on Vapor Pressure of Ferrocene

TIK p/Pa Ap/Pa T/K p/Pa Ap/Pa T/K p/Pa Ap/Pa TIK  plPa Ap/Pa TIK p/Pa Ap/Pa T/K p/Pa Ap/Pa
310.19 0.449-0.010 323.13 1.861-0.015 333.13 5.159 0.015 288.16 0.357 0.008 305.16 1.95%0.023 333.03 22.28-0.05
310.20 0.448-0.012 323.14 1.856-0.022 338.09 8.217-0.068 288.17 0.341 —0.008 305.19 1.968—0.011 333.04 22.34-0.01
311.65 0.550 0.009 323.15 1.8550.025 338.10 8.222-0.071 288.18 0.356 0.006 308.15 2.613-0.007 333.04 22.27-0.08
311.66 0.535-0.007 323.16 1.865-0.017 343.07 13.08 —0.19 290.67 0.450 —0.007 308.16 2.641 0.018 338.02 33.25 0.33
311.67 0.541-0.001 325.12 2.333 0.028 343.09 13.0+0.03 290.67 0.454 —0.003 308.16 2.614—0.009 338.02 33.27 0.35
313.10 0.621—-0.016 325.13 2.286-0.022 343.11 13.19 —0.10 290.68 0.456 —0.001 313.15 4.171 0.017 343.01 47.850.08
31312 0.650 0012 32515 22950.017 348.06 2057 —0.01 293.18 0597 0.002 313.17 4.156-0.005 343.01 47.86—0.07
313.13 0.650 0.011 326.59 2.706 0.027 348.06 20.66).07 29320 10.595 ~0.001 318.09 ~6.401-0.046 34301 47.68-0.25

295.68 0.779 0.008 318.15 6.504 0.023 348.08 69.42 0.07
295.69 0.774 0.002 323.07 9.955 0.062 348.09 69.43 0.03
298.17 0.991 —0.003 323.08 9.948 0.047 353.06 97.481.08

31560 0.852 0.013 326.60 2.6840.001 348.07 20.62  0.21
315.62 0.852 0.011 326.63 2.726 0.036 348.08 20.92 0.1
318.10 1.123  0.022 328.08 3.1150.001 353.04 32.08 ~ 0.14 59817 (991 —0.003 323.08 9.948 0.047 353.07 98.190.43
318.11 1120 0.018 328.08 3.145 0.029 353.05 32.14  0.04 59570 1006 0.010 32805 1501 004 35308 980861
818.12 1.102-0.001 328.10 3.159 0.036 353.06 3206 005 30071 1206 0016 328.05 1519  0.22 35593 1208 0.7
320.10 1.363-0.001 330.13 3.801-0.026 358.04 48.94 002 30314 1613 —0.011 32805 1495 —002 35605 1212 01
320.13 1.368 0.000 330.13 3.8070.020 358.07 49.03  0.15 303.15 1.661 0.035 328.06 14.89-0.09 356.06 1212 0.0
32159 1.618 0.021 333.06 5.193 0.084 362.03 68.14 0.12 303.15 1.616 —0.010 328.06 14.85 —0.13

321.62 1.612 0.010 333.07 5.0880.026 362.03 68.11 —0.19

323.12 1.911 0.037 333.07 5.1160.004 2Ap = P — Pealo Wherepeacis calculated from the Clarke and Glew eq

) 3 with parameters given in Table 5.
aAp = p — Pealc Wherepeacis calculated from the Clarke and Glew eq

3 with parameters given in Table 5.
P g The vapor pressures of ferrocene were measured from the

Table 3. Experimental Data on Vapor Pressure of Benzophenofie temperatureT = 288 K to the temperaturd = 356 K,
TIK plPa ApPa TK plPa ApPa TK pPa ApPa corresponding to a pressure interval of (0.4 to 121) Pa. The
- experimental data on vapor pressure of ferrocene are listed in
Crystalline Phase

310.09 0.394 0.000 314.08 0.634 0.004 319.04 1.108 0.000 Table 4.
310.09 0.395 0.001 314.08 0.632 0.002 319.05 1.109 0.000

31010 0.396 0.002 31507 0.709 0.003 319.06 1.110.001 Discussion
311.09 0.444 0.001 31507 0708 0.002 319.54  1.370.001
31110 0.441-0.003 315.07 0.708 0.002 319.55  1.1720.001 Usual Main Problems during Measurement of Vapor

311.12 0.442-0.003 316.07 0.799 0.007 319.55 1.173 0.000 : ; ;
31200 0500 000l 316.07 0797 0005 32004 1239 0.000 Pressure by a Static Method’he main sources of systematic

312.09 0.495-0.004 316.07 0.795 0.003 320.05 1.2390.002 errors during measurement of vapor pressure by a static method
312.09 0.495-0.005 317.05 0.886 0.000 320.06  1.2440.001 are the following: the influence of thermal transpiration in the

312.10 0.497-0.003 317.06 0.885-0.001 320.54  1.310 0.000  |gw-pressure region (measured pressure will be higher than
313.09 0.559-0.002 317.06 0.886-0.001 320.54 1310 0.000

313.09 0561 0.000 318.02 0.9870.001 320.54  1.308—0.002 vapor pressure); the adsorption of the measured gas on the

313.10 0563 0.001 318.03 0.9870.002 internal walls of the tubing (measured pressure will be lower

314.08 0.636 0.007 318.04 0.9870.003 than vapor pressure); poor thermal contact between the sample
Liquid and the thermometer (resulting in an incorrect measurement of

308.18* 0.414 —0.002 328.06 2.546—0.002 362.97 34.46 0.11 the Samp|e temperature); |eakages through the vacuum connec-

308.18* 0.418 0.002 328.07 2551 0.001 362.98 34.49 0.12 . S . -
313.42* 0.699 0.010 328.21 25730.007 367.85 4726  0.20 tions (resulting in a permanent drift of pressure during vapor

313.43* 0.689 —0.001 333.03 3.844-0.003 367.95 47.42  0.07 pressure measurement); insufficient degassing of samples
318.15* 1.076 0.008 333.11 3.886 0.014 367.96 47.38 0.00 (resulting in a higher value of measured vapor pressure);
318.15* 1.076 0.008 338.03 5.6970.039 373.07 65.15  0.02 i i i

321.14 1.387-0.011 338.03 5.691-0.045 373.07 6513  0.00 insufficient purity of th? sample. ,

32114 1.391-0.007 34302 8481 0057 378.04 87.58-0.23 All the above-mentioned problems except the purity of

321.15 1.393-0.007 343.03 8433 0.002 378.04 87.68-0.13 samples were solved by a suitable construction of the static
gg;ii i-ggg:g-ggg gjg-g; 552 8-82 ggggg ﬁg'i:gé apparatus. The relatively large internal diameter of tubing

32015 1525-0004 352.99 17.42 —0.02 384.80 129.4 —04 (17 mm) diminishes the possible influence of thermal transpira-

323.13 1.664—0.003 352.99 17.41 —0.03 384.80 129.3 —0.5 tion. This effect was not observed during measurement of
323.13 1.661-0.006 357.95 24.55 —0.02 384.81 1294 -0.4 naphtha|ene even at lowest pressupes (0_4 Pa)_ In addition,

323.15 1.664—-0.006 357.96 24.53 —0.06

32321 1676-0.003 362.97 3445 0.0 no positive systematic deviation of our results as compared to

those recommended by’ Rika et al*® and to those obtained

3Ap = p — Pealo Wherepeais calculated from the Clarke and Glew eq by effusion and by saturation methods was detected. For the
3 with parameters given in Table 5. An asterisk (*) indicates an undercooled other compounds, the measurements at the lowest pressures did
liquid. not indicate any systematic positive deviation compared to those
measured at higher pressures. The stainless steel tubing elec-
trochemically polished (internally) minimizes the adsorption of
vapors on the internal walls of the system components.
Moreover, the use of a turbomolecular pump, instead of an oil
diffusion pump, avoids the deposition of any oil film on the
ges 90 ¢ o inner surface of the apparatus, which would favor the adsorption
AgHm — AfHp, is (18.44 0.2) k3mol™. of vapor of the measured compound. The measurements of the

Ferrocene.Ferrocene has been recommended and used as azapor pressure show a very short thermal time respotise
calibrant for enthalpies of sublimation measurements exhibiting fluctuations in pressure correspond immediately to appropriate
a vapor pressure of approximately 1 Pa at 298.15 K or (0.1 to oscillations in temperature (see Figure 3B) identifying a good
300) Pa in the temperature interval (277 to 368) Kyt the thermal contact. The connections ConFlat DN 16 CF and all
collection of independent data covering the range from room metal angle valve VAT series 57 ensure a low leakage in the
temperature to the triple point is still highly recommended.  vacuum system. Samples are degassed by direct pumping at a

The triple point of benzophenone calculated as an intersection
of the vapor pressure equations for the crystalline and liquid
phases iSfy, = (321.1+ 0.7) K andpyp = (1.4+ 0.1) Pa. The
enthalpy of fusion at the triple point calculated frafhHS, =
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convenient temperature (no significant vapor pressure), and the
efficiency of the outgassing process is checked during the first
cycles of measurement.

Uncertainty of the Vapor Pressures Measured in the
Apparatus.From the measurements performed with naphthalene
the following conclusions about the performance of the ap-
paratus were assumed. The lower pressure limit of the apparatus
is p= 0.4 Pa. Below this limit, the data tend to be systematically
lower than the majority of data available for naphthalene
(identical finding was observed by “Ridka et al'® after
performed measurements on crystalline naphthalene by a
static method using a capacitance manometer MKS Baratron

74 K- T T T T T T

690A11TRA). The uncertainty in the pressure measurements 71 T S S S S
increases linearly with the pressure, being adequately described 260 270 280 290 300 310 320
by the expression TIK

Figure 4. Comparison of the enthalpy of sublimation of naphthalene
(1) calculated from different vapor pressure equations (using vapor pressure

data from this work) with recommended enthalpy of sublimation given by
Data Correlation.For naphthalene all thermodynamic data Rtzigka et al 18 ICTAC,” and with calorimetric value¥®-3¢ —, Rizitka et

related to the equilibrium between crystalline and vapor phasesal.j80, ICTAC; 4, Irving;33 %, Morawetz3* O, Murata et al3? calculated
(heat capacities of crystalline phase and of perfect gas, enthalpyusing vapor pressure data from this work:- —, Antoine eq 2;— —, Clarke

of sublimation) are known with sufficient accuracy. Therefore, and Glew eq 3 with three parameters, Clarke and %ew eq 3 with four
. . arameters;- -+, Cox eq 4 with three parameters afti= Ty, = 353.37
the obtained data on vapor pressure of crystalline naphthalene;26 andpP = py = 993.5 Pa5 - - -, Cox eq 4 with four parameters aif

were also used to select the most suitable correlating vapor_ Tip = 353.37 K6 andp? = py, = 993.5 P&

pressure equation to fit vapor pressure data obtained using the

new static apparatus (i.e., generally for a temperature interval Claysius-Clapeyron equation. We tested the Clarke and Glew
of about (50 to 80) K and for a pressure range (0.4 to 130) Pa). eq 3 with three and four parameters.

The tested correlating vapor pressure equations are listed below

o(p/Pa)= 0.01+ 0.00250/Pa)

(although Wagngr eq_uatié‘his often used f_or fitting vapor  ~ equatior?®

pressures of liquids, it was not tested for fitting these results

since it is constrained to the critical point, which is often p TIK ! i

unknown for low volatile organic compounds): In—=11- TR exp(y A(T/K)) (4)
p =

Antoine equation:
where p® and T° represent the pressure and temperature,
respectively, of a chosen reference state. The Cox eq 4 was
considered to be the most adequate equation for describing vapor
pressure as a function of temperature down to and below the
triple point?4 Although less or more parameters can be used,
the valuen = 2 is commonly employed; in this work we used
the Cox equation with two, three, and four adjustable parameters
(i.e., withn =1, 2, or 3, respectively) and with? andT° being
set to the triple point of naphthalerg®,= py, = 993.5 P& and
TO = Ty, = 353.37 K

All the equations mentioned (except the Cox eq with 1)
above described satisfactorily the measured vapor pressures of
crystalline naphthalene. From the graphs presented in Figures
4 and 5 (where enthalpy of sublimatioA’H? and the
difference of heat capacitiezsgrcgvm are plotted as a function
of temperature) and from comparison with calorimetrically
wherep is the vapor pressurg? is a selected reference pressure, determinedA%HY, and Ag,cg,m (obtained from heat capacities
0 is a selected reference temperatie the molar gas constant,  of crystalline phasé:gvm(cr) given by Chirico et at and from
A%GY is the difference in molar Gibbs energy between the the perfect heat capacitié%m(g) given by Frenkel et al? it
gaseous and the crystalline or liquid phases (condensed phase} clear that the most reasonable description of vapor pressure
at the selected reference pressure (the gaseous phase is supposgald related thermal data is achieved by the Clark and Glew eq
to have characteristics of ideal gas at the prespQ)re&EdH% is 3 with three parameters. Additionally, as mentioned before, the
the difference in molar enthalpy between the gaseous and theparameters of Clarke and Glew eq 3 have a physical meaning
condensed phase, armgdcg,m is the difference between the over the studied low-pressure region. Vapor pressure data in
heat capacities of the perfect gas and of the condensed phasehis work were thus fitted by Clarke and Glew eq 3 with three
As one of its main advantages, this equation enables theadjustable parameters for all the compounds studied (see Table
determination ongng,m when the experimental range of data  5)-
is wide enough. The Clarke and Glew equation was often used

B

In(p/Pa)= A — m

()

wherep is the vapor pressurd; is the temperature; andl, B,
andC are correlation parameters.

Clarke and Glew equatioft:

p_ _ ALGHO)
0

v

1 1
RIn £ = + AgdHSn(e)(a - ?) +

Agdcg,m(e)(g —1+ In@) +

ane O
(g)(—adT P )(9)(% . $ —2 In(%)) +.. 0

by the Thermodynamic Group of the University of Utret-22
although sometimes only two parameters were used (i.e.,
Agdcg,m is supposed zero), which is equivalent to use the

Comparison with Literature Data

Naphthalene. Review papers on existing data of vapor
pressure of crystalline naphthalene were published by Delle
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Table 5. Parameters of Clarke and Glew Equation 3 for Naphthalene, Benzoic Acid, Benzophenone, and Ferrocene at the Reference
Temperature § = 298.15 K and Pressurg® = 10° Pa

AgdG?n AgdH?n Agdcg,m a®
compound phase ol 1 Jmol~t JK~1:mol? Pa
naphthalene crystalline 225832 72 698+ 38 —30.7+ 3.8 0.089
benzoic acid crystalline 34000 25 91 363+ 488 —36.5+ 13.3 0.065
benzophenone crystalline 34 5319 95 871+ 162 —47 0.003
ferrocene crystalline 28562 5 74 488+ 134 —45.44+ 6.8 0.238
benzophenone liquid 332689 78 781+ 139 —107.2+ 2.9 0.107

a|nserted value(ligfﬁn from Benson’s group contribution methéﬂcfj,m from Chirico et alt”). P ¢ is the standard deviation of the fit defined as=
[SL.(Ap)i%(n — m)]Y2 whereAp is the difference between the experimental and the fit valués the number of experimental points used in the fit, and
m is the number of adjustable parameters of Clarke and Glew eq 3.

0 T T T T T T
S
5 -
2 2
o ?_
Q
Al S /
1 1 1 L A //‘B:rniu D? ;
260 280 300 320 3F - i 2 I R 4
I S v IS
) ) _ T/Ko o . Y i i . . P
Figure 5. Comparison of differencealC,, = C,.(9) — C,(cr) of 240 260 280 300 320 340 353.37360

naphthalene calculated from different vapor pressure equations (using vapor
pressure data from this work) with values obtained from perfect heat TIK

capacities C2,(g) given by Frenkel et & and heat capaciies of  Figure 6. Comparison of vapor pressure of naphthalene obtained in this
crystalline phasecg,m(cr) given by Chirico et a#® —, calculated using work with recommended data, this work; &, Sinke? —, Ambrose et

Com(9Y?7 and C) (cr);?® calculated using vapor pressure data from this al.* — —, de Kruif et al.?'— - —, Chirico et al.3> — -+, van der Linde et
. i } ; 3 ken from recommendation given by#Rika et al.18 ---, absolute
work: — - —, Antoine eq 2;— —, Clarke and Glew eq 3 with three @l Prista 9 y o
parameters:-+, Clarke and Glew eq 3 with four parametets:-, Cox eq errors (0.001 Pa, 0.01 Pa, 0.1 Pa, 1 Pa, 10 Pa).

4 with three parameters ai@ = Ty, = 353.37 K® andp® = pp = 993.5
Pa?s- - -, Cox eq 4 with four parameters afitl= Ty,= 353.37 K% andp®

= pp = 993.5 P There is also a good agreement between the constant value

Agrcg’m = (—30.7 £ 3.8) 3IK~1-mol~? derived from our vapor
Site28 Shiu and M&® Chickos and Acreé? and very recently, ~ pressure data, using eq 3, and that obtained f'ﬂgm(g) and

RUZicka et all® Cg’m(cr) given by Frenkel et &’ and Chirico et al?5 respec-
Several recommendations for vapor pressure of crystalline tively (see Figure 11).
naphthalene can be found in the literattife®21.2531Their Benzoic Acid.A number of data sets on vapor pressure and

characterization and mutual comparison is reported in the work enthalpy of sublimation of benzoic acid, summarized for
by RiZi¢ka et al'8 The present measured data on vapor pressure example in the papers by Sabbah et’dy van Genderen et
of crystalline naphthalene were compared with the above- al.?and by Ribeiro da Silva et dlcan be found in the literature,
mentioned recommendations. Comparison is shown in Figure but recommendations on vapor pressure data of benzoic are not
6 using a deviation plot. Data recommended ByiBka et al'® available to our knowledge. Only one data set on vapor pressure
were used as a reference. All recommended values mutuallyof benzoic acid, reported by de Kruif and Blékgovers a wide
agree within 3 %. The agreement of the data obtained in this temperature range. These last data were used as a reference in
work (above p = 0.4 Pa) with literature recommenda- comparison with those obtained in this work. From Figure 7,
tions*8.18.21.25.3%is satisfactory. where data are compared using a deviation plot, it can be seen
The value AYHZ(298.15 K) = (72.70 + 0.04) kmol1 that our data are systematically higher than those obtained in
derived in this work is also in excellent agreement with the the referenc® deviating by 0.20 % up to 5.21 %. All other
values of enthalpy of sublimation at 298.15 K derived from vapor pressure da&3>3" displayed in the Figure 7, except
recommended vapor pressure data by Ambrose ét(@2,50 those given by Davies and Jori@show also positive systematic

+ 0.25) kdmol~%; by de Kruif et al.?* (72.51+ 0.14) kmol™; deviations from the values obtained from the vapor pressure
by Chirico et al25 (72.7+ 0.2) k3mol%; by van der Linde et~ equation given by de Kruif and BloK. Comparison between
al.31 72.26 kdmol~; and by Riicka et al.l8 72.44 kdmol1, other vapor pressure data published prior to 1982 can be found
and also with selected calorimetric values (ségi€ka et al'®) in ref 20.

reported by Murata et a¥? (72.44 0.7) kImol™%; by Irving,22 Data on the enthalpy of sublimation of benzoic acid were

(73.00% 0.25) kdmol~1; and by Morawet2? (72.054 0.25) very recently reviewed by Ribeiro da Silva et®alhe mean
kJmol-%. The value ofAH°(298.15 K) recommended by  value AJH(298.15 K)= (90.2 + 1.9) k3mol~%, reported in
ICTAC (The International Confederation for Thermal Analysis that work, was derived from 22 values reported in the literature.

and Calorimetry) is (72.6+ 0.6) k3Jmol™1. ICTAC” recommended the value &fH?°(298.15 K)= (89.7
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Figure 7. Comparison of vapor pressure of benzoic acid obtained in this _. ) .
work with literature data:00 , this work; a, de Kruif and BIoKRC (static Figure 8. Comparison of vapor pressure of crystalline benzopenone
method);#, Ribeiro da Silva’and Monfé(m7ass effusion); *, Colomina et obtained in this work with literature datdd , this work; A, de Kruif et
o ‘o al.4 (static method);—, de Kruif and van GinkéF (torsion effusion)— —,

al3 (mass effusion);a, Malaspina et a® (masss effusion, partially ) 4 ‘
; hei ; SN ; de Kruif and van GinkéP (mass effusion); half-open/half-closed hexagon
displayed)®, Ribeiro da Silva et al.(mass effusion);-, Davies and Joné% . j - W . : ’
played)m ( ) Verevkirtl (gas saturation)y, Lipovska et al#? (mass effusion)pr is

(mass effusion):~ =, Ribeiro da Silva et al! (mass effusion, Oporto); calculated using vapor pressure equation reported by de Kruif &t-al,;
- - -, Ribeiro da Silva et a? (mass effusion, Utrecht);+, Ribeiro da Silva ol
( ) absolute errors (0.001 Pa, 0.01 Pa, 0.1 Pa).

et al3” (torsion effusion, Utrecht)pr is calculated using vapor pressure
equation reported by de Kruif and Bloék;--, absolute errors (0.001 Pa,
0.01 Pa, 0.1 Pa, 1 Pa, 10 Pa). Data by Ribeiro da Silva®t(spinning

rotor) are not displayed since they deviate by more than 10 % fi@m 10

p/Pa
1.0 10.0 100.0

>

+ 1.0) kImol~2. In this work the obtained valu&?H° (298.15

cr'm
K) = (91.4 & 0.5) kImol™! is in reasonable agreement with 5ko
both values and in excellent agreement with the value derived

by de Kruif and Blok?® A%HC(298.15 K) = (92.1 + 0.2)

o
2
. ) cr' 'm -

kJ-mol~1, using a similar static method. g
S

o

-

R
o
o

The valueAJC),, = —(36.5+ 13.3) JK~--mol* derived
from our vapor pressure data, using eq 3, is in reasonable
agreement with that calculated fror@g,m(g) and Cgvm(cr) S
reported by Stull et & and Sabbah et al.respectively (see
Figure 11). . ‘

BenzophenoneThe vapor pressure data of benzophenone -10 — : T ! : L
have been measured by several investigators. However, the 300 320 340 360 380
discrepancy between those data does not allow the recom- TIK
mendation of reliable values, and collection of new data is Figure 9. Comparison of vapor pressure of liquid benzophenone obtained
required® We chose extensive data given by de Kruif et4al. N thris(;"’ork_ Wml‘ "tlerat(;”e dataf], this work; 4, de Kruif et al?‘;(sta(tjic .
as a reference. Vapor pressure data are compared in Figures 1% 3 S Ton0Tone Bt C o e o,
and 9 using deviation plots. Our data for the crystalline phase
are in good agreement with those published previotfsly*®4*  {ne enthalpy of sublimation of benzophenone are summarized.
Data obtained in the present work are slightly higher than those Enthalpies of sublimation reported at the mean temperature of
obtained from vapor pressure equation reported by de Kruif et ;¢ measurememt? H% (Tmea) Were corrected tad H%,(298.15

m m

al}* (relative deviation is within the interval 1.90 % to 3.95 K) using the following formula:
%). The absolute deviation of the two data sets (ranging from
0.009 Pa, afl = 311.12 K, to 0.037 Pa, & = 320.54 K) is
very small and inside experimental uncertainty. As it is seen
from Figure 8, our data show higher precision than that obtained
on other determination's:54%4apor pressure data measured WhereAEngqm was calculated using perfect gas heat capacity
above the liquid phase (undercooled liquid beldw= 321.1 Cg’m(g) estimated by Benson’s group contribution methbd,

K) are in satisfactory agreement with those reported by de Kruif and heat capacity of crystalline pha@%m(cr) was taken from

et al* (our data are systematically higher deviating by 1.7 % Chirico et al'” The temperature dependence mgrcgm was

up to 5.9 %). Comparison between other vapor pressure dataadequately described by the quadratic equation: '

published prior to 1983 can be found in ref 14.

ICTAC? recommendsA?HC(298.15 K) = (93.77 + 3.54) AIC) J(FKtmol™) = —2.91:10 ¥(T/K)? + 1.56(T/K) —
kJmolt. In the present work the vaIuAng?n(ZQS.lS K)= 253.91 (6)
(95.9 4+ 0.2) kImol~* was derived. Sabbah et atalculated
the recommended value as an arithmetic mean of literature The corrections calculated using eq 5 are slightly higher than
published values including data which differ significantly from those obtained from the estimating equation suggested by
the calculated mean. In Table 6, available literature data for Chickos et al43 which were used in the work of Sabbah et al.

A5
0%,
By

Ang?n(29815K): Angom(Tmear) +f298.15K

NG AT (9)



764 Journal of Chemical and Engineering Data, Vol. 51, No. 2, 2006

Table 6. Review of Enthalpies of Sublimation of Benzophenore

Tmean AIH (Trmear) JEEEASCH T AZHO(298.15 K)

K kJ-mol~t kJmol~1 kJmol~1 method ref
313 95.1+ 1.0 0.71 95.8 static 14*
308 95.2+ 0.8 0.48 95.7 TE 15*
308 93.9+£ 0.4 0.48 94.4 ME 15*
298 94.6+ 0.8 0.00 94.6 TCM 12*
298 93.35+ 0.66 calorimetric 34*
305 95.0+ 1.3 0.32 95.32 TE, ME 55*
306 92.9+ 0.8 0.37 93.3 ME 56*
308 90.0 0.47 90.4 ME 57
298 92.0+ 0.8 calorimetric 58
309 92.44+ 2.2 0.53 92.9 saturation 41
304 95.0+ 0.2 0.28 95.3 ME 59*%

96.1 ME a7
298 84.4+ 1.1 calorimetric 60
298 77.0+£ 2.5 0.00 77.0 ME 45
306 96.1 0.37 96.5 NA 49

91.2 NA 48
303 78.2+ 1.3 0.23 78.4 TE 46
302 95.0+ 0.3 0.18 95.2 TE 16*
298 91.2+ 1.6 0.00 91.2 ME 61
308 95.4+ 0.4 0.48 95.9 ME 40*
315 95.1+ 0.2 0.83 95.9 static this work*

95.0+ 1.9** mean

a An asterisk (*) indicates that data are included in the calculation of the mean. TE, torsion effusion; ME, mass effusion; TCM, thermal conductivity
manometer; NA, method is not available. Two asterisks (**) indicate that uncertainty is twice the estimated standard deviation of the mearfdctimerage
k=2).

p/Pa

The equation given by Chickos et@lusesC’® (cr) estimated
d g y p(C1) 0 100 1000

by group additivity methott and for benzophenone provides a 20
constant valueAJC) | = —33.8 JK~L:mol~* while A%C) |
calculated from eq "6 varies from46.6 JK—-mol-* (T = i
298.15 K) to—52.2 JK~1-mol~? (triple-point temperature). 10 P
The selected values af? Hm(298 15 K) of benzophenone "
used in the calculation of the mean are marked by asterisk in
Table 6. Values derived including (inappropriately) some
measurements on undercooled licfgitf and values from
sources that do not report temperature range of the measurement ) .
(i.e., mean temperature of measurement is not availabfé), A0k ¥ JE
and/or where method of the measurement is not avaffatfle ’ ’
were rejected. Then data showing mutual agreement and
originating from research groups that provided reliable results 20 L
on the enthalpy of sublimation for other compounds (including 280 300 320 340 360
for naphthalene), were selected. Data by Veretkiwere TIK
rejected due to high scatter of reported vapor pressure data. Therigure 10. Comparison of vapor pressure of ferrocene obtained in this
arithmetic mean of the values selected from Table 6 (which work with literature data:l, this work; a, Jacobs et 2 (static method);
includes our vaIue),Ag HO° (298 15 K) = (95.1 + 1.9) v, Jacobs et & (torsion and mass effusion®, Ribeiro da Silva and

kJmol~L, where the uncertainty is twice the estimated standard MOt (mass effusion); *, Torres-Gomes efa(mass effusion)y-, Pelino
P ] . . et al®? (torsion effusion).pr is calculated using vapor pressure equation
deviation of the mean, is therefore recommended in this work. \enorted by Jacobs et a8+, absolute errors (0.01 Pa, 0.1 Pa, 1 Pa, 10
The enthalpy of vaponzatlon at the triple point was deter- pg),
mined in this work as\?H? (T;,) = (76.3+ 0.1) kImol . De
Kruif reportedAPH? (Ty) = (76.7+ 0.4) k3mol~%. Combining work, ALH? = (18.4+ 0.2) k3mol%, is in excellent agree-
the mean value&gHO(Ttp) = (76.5 + 0.5) kImol~2 with the ment with calorimetrically determined valua$H?, = (18.194
enthalpy of fusionALH% = (18.606 + 0.018) kdmol 2, + 0.050) kdmol~L4 AL HY, = (18.606+ 0.018) kdmol-1,17
measured by adiabatic calorimeﬂﬁy,yield the value A and AngHm = (18.47+ 0.02) kdmol~L50
H°(298.15 K) = (96.2 + 0.5) kImol~%, which is in good The valueAJC) , = —(107.2+ 2.9) JK~-mol~! derived
agreement with our recommended value. from our vapor pressure data for the liquid phase is in good
The triple-point values calculated in this work from the agreement (see Figure 11) with that obtained from the difference
intersection of the vapor pressure equations for the crystalline between C® »m(0) estimated by Benson’s group contribution
and liquid phasesl, = (321.1+ 0.7) K andpyp = (1.4+ 0.1) method? and c? om(l) measured by Chirico et al.
Pa, are in good accordance with the valdgs= (321.03+ Ferrocene. As concluded by van Genderen and Odnk,
0.05) K andpy = 1.34 Pa determined by de Kruif et*#land ferrocene has the potential of being a suitable compound for
also with the triple point temperatur@g = 321.19 K andTy, testing or calibrating vapor pressure instruments. Collection of
= (321.284 0.01) K determined by Chirico et &l.and Hanaya new data sets on vapor pressure covering a wide temperature
et al.%0 respectively, using adiabatic calorimeters. The value range is highly required for ferrocene. The data published by
for the enthalpy of fusion at the triple point calculated in this Jacobs et &2 were used as a reference in the deviation plot
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Figure 11. Comparison of differenceaAC) = Cp.(@) — CJ.(cr)
(naphthalene, benzoic acid, and ferrocene) Aff,, = C; (9) — C; (1)
(benzophenone, riglytaxis) obtained from vapor pressure data determined
in this work with those calculated from published or estima(f%p*(g) and
Com(cr) or C (1) determined calorimetricallyo—O, naphthalene from
vapor pressure datar, naphthalene usin@glm(g) taken from Frenkel et
al2” and Cg,m(cr) from Chirico et al26 O—0O, benzoic acid from vapor
pressure data; —, benzoic acid using:g,m(g) taken from Stull et at? and
Cglm(cr) recommended by Sabbah etahi—a, benzophenone from vapor
pressure data:--, benzophenone usin@gym(g) estimated by Benson's
group contribution methdd andcglm(l) taken from Chirico et alty 0—<,
ferrocene from vapor pressure data;-; ferrocene usingigvm(g) taken
from TurnbulP® and Cg'm(cr) from Tomassetti et &' Error bars cor-

respond to uncertainties aﬁgrcgvm or A?Cﬁlm reported in Table 5.

shown in Figure 10. Our data at lower temperatures are in very
good accordance with those obtained by combined torsion and

mass-loss effusion methods by Jacobs ét dhe agreement

between our data and those reported by Ribeiro da Silva and

Monte? and by Torres-Gomez et &lis reasonable. Data given
by Pelino et aP? show very high scatter, although the mean
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than 305 K our data start to be systematically lower than data

reported by Jacobs et @ (deviating by—2.52 % up to—6.10

%). Comparison between other vapor pressure data published

prior to year 1983 can be found in ref 22.
The value A%H%(298.15 K) = (74.5 + 0.1) k3mol 2,

determined in this research, is in good agreement with that

recommended by ICTA@AErHOm(298.15 K)= (73.42+ 1.08)
kJmol1.

The agreement between the vamgcg,m = —(45.4+ 6.8)
J-K~1-mol~1, derived from our vapor pressure, and that calcu-
lated from CJ,(g) and C (s) reported by Turnbuif and
Tomassetti et aP4 respectively, is satisfactory (see Figure 11).

Conclusions
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for the accurate determination of vapor pressures of both
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