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ABSTRACT: Vapor pressure data and sublimation enthalpies of organometallic compounds that were measured by thermo-
gravimetry and the application of Langmuir's equation are reported. Herein is a detailed experimental procedure that is applied to
nickelocene and cobaltocene. The accuracy and uncertainty for the experimental nickelocene sublimation enthalpy show that the
measurement reliability is comparable to the direct calorimetric data that have already been reported for this organometallic
compound. Furthermore, the melting temperature and enthalpy as well as the crystal-phase heat capacities between (295 to 420) K
for cobaltocene and nickelocene were calorimetrically measured by differential scanning calorimetry (DSC), whereas the gas-phase
heat capacities for these metallocenes were theoretically estimated using density functional theory (DFT) calculations.

’ INTRODUCTION

Experimental quantitation of an organometallic compound's
thermochemical properties in the gas phase requires the sub-
limation enthalpy. This quantity is also important because it is
directly related to the intermolecular cohesion energy in the
crystalline arrangement, which provides insight into the solid
phase energetics and structure.

The sublimation enthalpy can be experimentally measured by
direct or indirect methods. The direct methods utilize an appro-
priate calorimetric technique1�5 to determine the heat that is
associated with the phase change. For substances with a high vapor
pressure, the sublimation heat can be calorimetrically quantitated
without problems at relatively low temperatures. However, for
certain organometallic compounds, such as cobaltocene, an inher-
ently low vapor pressure and compound instability prohibit the
long exposure to the experimental temperature that is required to
convert the entire sample into gas inside a calorimeter. The more
time a cobaltocene sample requires to change phase, the more
decomposition products accumulate at the sample surface; vapor
pressure then diminishes in proportion to the temperature expo-
sure time. This outcome was observed by the authors for the
cobaltocene, when its sublimation enthalpy was unsuccessfully
measured using differential scanning calorimetry (DSC) and the
methodology described in ref 4.

With indirect methods, a quantity associated with the vapor
pressure of the solid is measured at several temperatures, and the
heat of sublimation can then be derived from the vapor pressure
dependence on the temperature using the Clausius�Clapeyron
equation. Examples of indirect techniques are Knudsen's
effusion6�8 and Langmuir's method.9�15 This last technique is
applied in this work using a simultaneous thermogravimetric
(TGA)/differential scanning calorimetric (DSC) analyzer and
has been demonstrated to be effective. Given the short time
required to obtain a complete set of measurements,10�15 this
technique avoids a long sample exposure to relatively high
temperatures, which significantly reduces decomposition.

Given its high stability and facility for purification compared
with other organometallic compounds, direct and indirect stud-
ies of the metallic cyclopentadienyl sublimation process have
centered on ferrocene. Therefore, this substance has become a
calorimetric reference compound,16 and its vapor pressure data
are also available over a large range of temperatures.17�21 Herein,
ferrocene was used to calibrate the thermogravimetric device,
while the nickelocene has been used to test the accuracy and
reliability of the experimental procedure and device prior to the
cobaltocene measurements.

A detailed description of the experimental procedure is
provided, and the experimental results for the sublimation
enthalpy are compared with the sparse reported data available.
Sublimation enthalpy is usually reported at 298.15 K; therefore,
the experimental results were corrected for temperature. For this
calculation, the heat capacity of the solid was indispensable,
which wasmeasured byDSC, whereas the gas phase heat capacity
was theoretically estimated. Furthermore, the melting data for
nickelocene and cobaltocene, which were also measured by
scanning calorimetry, are reported.

’EXPERIMENTAL METHODS AND MATERIALS

The metallocenes studied in this work were commercial
samples and, when possible, were purified by sublimation.
Ferrocene [Fe(C5H5)2] underwent sublimation twice under
reduced pressure, approximately 30 Pa, and at a maximum
temperature of 323.15 K; once sublimed it was stored in
amber-glass flask. Nickelocene [Ni(C5H5)2] was also purified
by two sublimation steps, but in small sample sizes, under a
reduced pressure of around 30 Pa, and at a maximum
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temperature of 328.15 K. The purified compound was then used
immediately in the TGA experiments to avoid decomposition
during storage. The cobaltocene [Co(C5H5)2] was a commercial
sample from Strem with a reported mass-fraction purity g 0.98
that was used directly from the supplier's packaging to avoid
decomposition from the long heating process that is required for
purification by sublimation.

The purity of each metallocene was verified by DSC using a
Perkin-Elmer DSC7. All of the melting experiments were per-
formed under a nitrogen atmosphere. For each substance, in a
first melting experiment, the calorimeter was programmed to
scan over a temperature range from room temperature to 10 K
above themelting temperature at a scanning rate of 10.0K 3min�1.
This scan was performed to detect any thermal effects in addition
to the melting process. No signal was observed over the scanned
temperature range prior to the melting peak within the detection
limit of the calorimeter. For subsequent melting experiments, the
temperature interval for scanning was restricted to a maximum of
10.0 K before and 5.0 K after the melting point and was scanned at
a rate of 1.0 K 3min

�1 for the ferrocene and cobaltocene, while the
temperature scan was 10.0 K 3min�1 for nickelocene. From the
melting curves, the mole-fraction purities were calculated, and the
results are shown in Table 1. The complementary melting
temperature and enthalpy data for nickelocene and cobaltocene
are described in the Results and Discussion section. The purity of
the compounds was also verified by liquid chromatography�mass
spectrometry in a LC/MSD-TOF Agilent spectrometer. Chroma-
tograms with a single peak andmass spectra showing the matching
mass-to-charge ratio for each metallocene are shown in the Sup-
porting Information.

Thermogravimetry combined with the application of Langmuir's
equation has many advantages compared with other indirect tech-
niques for quantitating vapor pressure and the sublimation enthalpy.
These advantages include a smaller sample and a shorter experi-
mental time required for a complete set of measurements.11�14 This
methodology is based on Langmuir's equation for determining vapor
pressure through sublimation, as follows:9

ðdm=dtÞð1=AÞ ¼ pγ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M=2πRT

p
ð1Þ

In eq 1, dm/dt is the rate of mass loss at temperature T for a
sample with an exposed sublimation area A; p is the vapor
pressure of the substance; M is the molar mass; R is the gas
constant, and γ is a constant of vaporization, which should be
close to unity either under vacuum conditions14 or for com-
pounds with a high molecular mass.15 For application of eq 1 an
accurate measurement of the rate of mass loss as a function of
temperature is indispensable and typically obtained using a
thermogravimetric analyzer.11�15

In this work, a simultaneous TGA/DSC TA Instruments SDT
Q600 device was utilized. The sensitive element in this instru-
ment is a dual-beam design thermobalance with a 200 mg sample
capacity and 0.1 μg sensitivity; the beams operate inside of a
furnace within the range of ambient temperature to 1773 K and a
temperature control accuracy of at least( 1.0 K. Heating rates of
(0.1 to 100) K 3min�1 can be applied to the sample, during which
the sample mass change and heat flow can be simultaneously
measured. The accuracy of the calorimetricmeasurements is( 2%.
The purge gas flow through the furnace can be controlled within
a range of (1.0 to 400) cm3

3min�1 by a mass flow controller that
is integrated into the system.

The systemwas calibrated formass with a standardmass that is
traceable to the National Institute of Standards and Technology
(NIST) and certified as (315.1620( 0.0048) mg. The tempera-
ture scale was calibrated with reference materials by analyzing the
melting temperature of a high-purity indium metal, which had a
certified melting temperature traceable to NIST of (429.7485(
0.00034) K. Further, the system was calibrated for heat flow by
measuring the heat capacity of a certified Sapphire sample and
determining the fusion heat for indium that has a certified value
of ΔfusH = (28.51 ( 0.19) J 3 g

�1. The calibration samples were
run in heat at 10 K 3min�1 under a nitrogen flow rate of
100 cm3

3min�1.
To estimate vapor pressure data using the thermogravimetric

device, Langmuir's eq 1 can be expressed as follows:

p ¼ kυ ð2Þ
where k = (2πR)1/2/γ and υ = (1/A)(dm/dt)(T/M)1/2. Note
that, even if the constant γ is not at unity under the experimental
conditions, it can be included in the vaporization coefficient k.
The vaporization coefficient, in turn, was determined by measur-
ing the rate of mass loss over the temperature range of interest
using a reference compound with a known vapor pressure over

Table 1. Chemical Characteristics, Source, and Purity Data of the Substances Utilized

chemical name molar mass/g 3mol
�1 source initial mole fraction purity purification method final mole fraction purity analysis method

ferrocene 186.032 Fluka g0.98 sublimation 0.9987 ( 0.0002 DSC

nickelocene 188.879 Aldrich g0.98 sublimation 0.9984 ( 0.0008 DSC

cobaltocene 189.119 Strem g0.98 none 0.9965 ( 0.0007 DSC

nitrogen 28.013 Infra 0.99997 none

Figure 1. Thermogravimetric curves for the percentage of mass lost as
function of temperature. —, Ferrocene calibration; - - -, nickelocene
measurement; and— 3 —, cobaltocene measurement. To obtain these
profiles, the heating rate was 10.0 K 3min�1 for the three compounds,
while the nitrogen flow through the furnace was 10.0 cm3

3min�1 for
ferrocene and nickelocene and 65.0 cm3

3min�1 for cobaltocene.
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the same temperature range as the nickelocene and cobaltocene
measurements. For this purpose, ferrocene can be suggested as
an adequate reference compound because it is easily obtainable
in a pure state and its vapor pressure has been determined over a
wide temperature interval.17�21 To determine the vaporization
coefficient for procedures involving the thermogravimetric de-
vice and application of Langmuir's equation, the experiments
should be performed with exactly the same procedure and
conditions as for nickelocene and cobaltocene, described below.

On base to the sublimation rate of ferrocene utilized as
standardizing substance, a mass of approximately 15 mg in the
sample cup was established as optimal for the nickelocene
experiments. In such tests, the metallocene sample was loaded
into TA Instruments in 5.5 mm diameter, 6.0 mm height, and
0.090 cm3 capacity alumina cups. The thermobalance was tared
prior to loading the sample cups. For nickelocene and cobaltocene,
the cups were filled with the compound inside a glovebox under a
nitrogen gas atmosphere. Once ready, the cup containing the
sample was loaded into the sample beam in the SDT Q600
device, and an identical but empty pan was loaded in the

reference beam. The TGA/DSC system furnace was closed,
and a purge with nitrogen gas at a flow rate of 10 cm3

3min
�1 for

the nickelocene experiments and 65 cm3
3min�1 for the cobalto-

cene experiments was activated. These purge gas flow rates were
established by many preliminary tests, which sought the best
compromise between a low purge gas flow rate and a perceptible
and accurately quantifiable loss of mass. Using these purged flow
rates, a constant nitrogen gas pressure surrounded the sample to
prevent decomposition but without substantially affecting the
sample vaporization rate.15

Once inside the thermogravimetric system, for thermal stabi-
lization prior to the temperature scan, an equilibration step was
programmed at 303 K using the Thermal Advantage software of

Figure 2. Mass loss derivative curves as function of the temperature,
which were used to determine the values for the instantaneous mass loss
rate (dm/dt) at temperature T that was required to calculate the vapor
pressures in eqs 1 and 2. —, Ferrocene calibration; - - -, nickelocene
measurement; and — 3 —, cobaltocene measurement.

Figure 3. Evolution of the profile for the cobaltocene thermogravi-
metric curve and its derivative curve through two successive temperature
scans. - - -, First scan; —, second scan.

Figure 4. —, Thermogravimetric curve; and - - -, heat flow curve for a
representative cobaltocene sublimation experiment.

Table 2. Temperature, Enthalpy, and Purity Data from the
Metallocene Melting Experiments Using DSC

msample purity Tmelting Δcr
1Hm (Tmelting)

mg mole fraction K kJ 3mol�1

Ferrocene

7.751 0.9989 448.13 16.1

8.516 0.9987 447.74 16.0

9.074 0.9985 447.93 18.4

7.862 0.9985 447.63 18.5

0.9987 ( 0.0002 447.9 ( 0.2 17.2 ( 1.4

Nickelocene

8.654 0.9991 449.77 18.0

7.024 0.9976 450.05 17.6

4.779 0.9984 450.44 18.4

0.9984 ( 0.0008 450.09 ( 0.34 18.0 ( 0.4

Cobaltocene

4.636 0.9978 450.46 16.8

9.282 0.9962 449.56 17.2

9.058 0.9964 451.29 18.1

10.937 0.9964 450.98 18.6

8.503 0.9958 450.52 18.1

11.158 0.9966 450.31 17.8

0.9965 ( 0.0007 450.52 ( 0.60 17.8 ( 0.7
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the Q600 system; this step typically required five to eight
minutes. Once thermal equilibrium was reached, the sample
was automatically heated at scanning rate of 10 K 3min�1. This
temperature scanning rate was established as optimal through
preliminary experiments. Representative curves for the mass loss
as function of temperature from the ferrocene calibration and the
nickelocene and cobaltocene measurements are shown in Fig-
ure 1. The heating rate used promoted a mass loss of approxi-
mately 15 % for ferrocene and nickelocene and approximately
8 % for cobaltocene over the temperature interval (303 to 418) K
in approximately 12 min. This short time avoids a long exposure
to relatively high temperatures and prevents sample decomposi-
tion. The thermogravimetric curves are smooth and well-defined,
and the corresponding mass losses are sufficient to accurately

quantitate the vaporization coefficient k from the ferrocene
experiments and to determine the vapor pressures and the
sublimation enthalpies for nickelocene and cobaltocene. Note
that the curve profiles for ferrocene and nickelocene are similar;
both compounds have a perceptible mass loss from sublimation
beginning at 345 K. In contrast, the lower vapor pressure of
cobaltocene results in an appreciablemass loss beginning near 355K.

For each experiment, the instantaneous rate of loss of mass
dm/dt at temperature T, to substitute in eq 1, was computed
from the derivative curve for the loss of mass over time as a
function of the temperature. Figure 2 shows these curves, which
were generated using the software Universal Analysis for the
Q600 device from representative experiments with ferrocene,
nickelocene, and cobaltocene. Each of the three metallocenes has

Table 3. Representative Data Series for the Ferrocene Thermogravimetric Experiments Used To Determine the Vaporization
Coefficient k, Associated with Langmuir's Methodology That Was Developed Using the SDT Q600a

T m (dm/dt) 3 10
9 υ 3 10

3 P17,18

K mg kg 3 s
�1 (kg 3K 3mol)1/2 3 s

�1
3m

�2 Pa

Heating Rate, 10.0 K 3min�1 andNitrogenGas FlowRate, 10.0 cm3
3min�1

348.2 18.7442 0.261 0.48 66

353.2 18.7342 0.389 0.71 94

358.2 18.7201 0.580 1.07 132

363.2 18.6908 0.819 1.52 184

368.2 18.6605 1.170 2.19 254

373.2 18.6172 1.641 3.09 349

378.2 18.5588 2.233 4.24 472

383.2 18.4786 3.053 5.83 636

388.2 18.3703 4.101 7.89 852

393.2 18.2273 5.455 10.56 1127

398.2 18.0347 7.219 14.06 1486

403.2 17.7808 9.489 18.59 1944

408.2 17.4492 12.321 24.29 2523

413.2 17.0125 15.919 31.58 3264

Linear RegressionResults Involving 54 Pairs of Data P vs υ (see Supporting Information):

P/Pa = 104 814.4υ+ 32.6 r2 = 0.9995 k = 104 814.4 (kg 3K 3mol)1/2 3m 3 s
�1 u(k) = 0.0002 3 k

Heating Rate, 10.0 K 3min�1 andNitrogenGas FlowRate, 65.0 cm3
3min�1.

353.2 28.3354 0.470 0.86 94

358.2 28.3176 0.685 1.26 133

363.2 28.2933 0.985 1.83 185

368.2 28.2585 1.367 2.56 255

373.2 28.2103 1.910 3.60 348

378.2 28.1411 2.625 4.98 473

383.2 28.0465 3.598 6.87 637

388.2 27.9185 4.863 9.35 852

393.2 27.7498 6.453 12.49 1127

398.2 27.5224 8.553 16.66 1487

403.2 27.2285 11.139 21.83 1940

408.2 26.8393 14.459 28.51 2523

413.2 26.3370 18.568 36.83 3254

Linear Regression Results Involving 53 Pairs of Data P vs υ (see Supporting Information):

P/Pa = 87 038.6υ+ 27.4 r2 = 0.9999 k = 87 038.6 (kg 3K 3mol)1/2 3m 3 s
�1 u(k) = 0.0001 3 k

aA complete data set for all series is provided in the Supporting Information. The uncertainty is u(k) = 0.0002 3 k, computed as the standard deviation of
the slope, σb, in the linear regression of all pair of data P vs υ.
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a similar profile for the rate of mass lost as the heating of each of
the respective sample advances. However, these curves confirm
that the quantifiable mass loss for ferrocene and nickelocene
began at a lower temperature than for cobaltocene.

It is interesting to note that, for cobaltocene and sometimes
for nickelocene, an initial temperature scan between (303 and
418) K was required prior to measuring the mass lost to derive
vapor pressures. For that first experiment, the loss of mass curve
as a function of temperature and its derivative over time was
irregular, as shown in Figure 3. Such irregularity possibly was
caused by the quick removal of very small particles and volatile
impurities of sample through heating and nitrogen flow of the
TGA device, until reaching a homogeneous particle size and a flat
exposed surface on the top of the sample. After cooling, to derive
the vapor pressures and sublimation enthalpies, the mass loss was
measured during a second heating of the same sample, which
produced a thermogravimetric curve with the smooth and well-
defined profile shown also in Figure 3.

A simultaneous measurement of the calorimetric signal from
the SDT Q600, as shown in Figure 4, is useful to verify that the
sample is not decomposing during sublimation, particularly for
cobaltocene. For experiments with this metallocene, the heat
flow curve shows a large negative curvature in the interval (303 to
340) K; this curvature is from the initial heating and the heat
capacity difference between the sample-filled cup and empty
reference cup in the respective beams. In the temperature interval
(340 to 420) K, where according to the thermogravimetric curve
the sublimation occurs, no exothermic signals were associated
with sample decomposition. A slight negative slope of the heat
flow curve in this temperature range is associated with the
endothermic sublimation process. This endothermic effect is
more evident in an amplified section of the curve shown in the
Supporting Information. Also shown in the Supporting Informa-
tion, the derivative curve for temperature as a function of time for
this representative cobaltocene experiment shows that, after the
initial heating at the beginning of the experiment, the heating rate
is constant after 340 K, and the temperature data are more
trustworthy after this point, which justifies the restricted (345 to
413) K range for data analysis.

To confirm that the cobaltocene sample did not decompose
after two measurements through 413 K, the purity was verified
using DSC for three different samples that were recovered from
the alumina cups of the Q600 device after the experiment. The
resulting mole fraction was 0.9954, which indicates that purity
did not significantly decrease after either the first or second
heating through 413 K under the TGAmeasurement conditions,
because of the high rate of heating and consequently the short
lapse where the sample is exposed at the high temperature
required for its sublimation.

To derive an accurate value for the sublimation enthalpy at
298.15 K from the results at the experimental temperature,
reliable data for the gas-phase molar heat capacity of the
metallocenes are required, but these values are not available in
the literature for the range of temperature involved in this work.
Therefore, the heat capacities for solid nickelocene and cobalto-
cene were measured by DSC using a DSC7 Perkin-Elmer
calorimeter that was previously calibrated for energy and tem-
perature with high-purity indium and zinc samples. The heat
capacity of each solid metallocene was measured over the range
(293.2 to 353.2) K at a 5.0 K 3min�1 scan rate. These experi-
ments were performed using approximately 20 mg of sample and
under a nitrogen flow rate of 30 cm3

3min�1. Prior to the

metallocene heat-capacity measurements, the Perkin-Elmer
DSC7 calorimeter was tested by measuring the Cp for a high-purity
sapphire sample. For this substance, the measured heat capacity
was 0.775 J 3K

�1
3 g

�1 at 298.15 K, 0.871 J 3K
�1

3 g
�1 at 350 K,

and 0.942 J 3K
�1

3 g
�1 at 400 K compared with the literature

values16 of 0.775 J 3K
�1

3 g
�1 at 298.15 K, 0.872 J 3K

�1
3 g

�1 at
350 K, and 0.943 J 3K

�1
3 g

�1 at 400 K, which means an agree-
ment better than 99.85 %.

Gas-phase heat capacity data were estimated with the
deMon22 program using a density functional formalism23 and
the generalized gradient approximation (GGA) through the
exchange-correlation functional of Perdaw andWang (PW91).24

The double-Z valence polarization all-electron basis set
(DZVP),25 optimized for the generalized gradient approxima-
tion, in combination with auxiliary functions A2, was utilized for
the optimization of all structures and the vibrational frequencies
analysis. The heat capacities of each metallocene, in the inter-
val of temperature of interest, were computed from the re-
sulting frequencies utilizing the subroutine THERMO of the
deMon software, which operates through a procedure detailed
elsewhere.26

’RESULTS AND DISCUSSION

Experimental data and detailed results from the melting
experiments for metallocenes, including ferrocene utilized as
calibrating substance, are shown in Table 2. The mole-fraction
impurity was determined from the melting-temperature depres-
sion and applying the method of van't Hoff. The melting
temperature was characterized as the peak's onset temperature,
whereas the melting enthalpy was determined by integrating the
melting curves with a straight baseline. The uncertainty for the
average of each melting parameter is the standard deviation. For
nickelocene, a strong exothermic effect was immediately ob-
served after the fusion peak; therefore, the accuracy of the
resulting melting quantities can be affected because sample
decomposition is likely during each melting experiment. For
cobaltocene, the accuracy of the results also can be affected
because it was difficult to control a small leakage from the sample
pans during the melting experiments, even though such pans are
designed to the study of high vapor pressure substances. There-
fore, the mass of the cell before and after the melting experiment

Figure 5. Linear regression of ferrocene vapor pressure data as function
of the factor υ to determine the vaporization coefficients k. O, Experi-
ments under a 10.0 cm3

3min�1 nitrogen flow; P/Pa = 104 814.4υ + 32.6;
r2 = 0.9995. 0, Experiments under a 65.0 cm3

3min�1 nitrogen flow;
P/Pa = 87 038.6υ + 27.4; r2 = 0.9999.
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was quantified, finding that an average of 6.5 % of the sample
mass was lost; then each melting enthalpy result was corrected
for this loss.

The coefficient of vaporization associated with the TGA/
DSC, which was required to derive the vapor pressures, was
determined by four series of measurements of the mass loss in
15 mg of ferrocene samples over a (348.15 to 413.15) K interval
and under a nitrogen flow rate of 10.0 cm3

3min�1. A represen-
tative series of experimental data, including the calculated factor
υ, the corresponding ferrocene vapor-pressure data from refs 17
and 18, and the resulting vaporization coefficient k, is shown in
Table 3. A combined linear regression for four of these series of
measurements and the resulting linear equation and regression
factor are shown in Figure 5. To determine the vaporization
coefficient for the cobaltocene measurements, three series of
measurements were performed using also ferrocene as a refer-
ence, but with masses of approximately 30 mg, over the interval
(353.2 to 413.2) K under a nitrogen flow rate of 65.0 cm3

3min�1.

A representative data set for these measurements is also provided
in Table 3, and the resulting linear graph is in Figure 5. Complete
data for all series of these experiments are given in the Supporting
Information.

As indicated in the Experimental Methods and Materials section,
the instantaneous loss of mass at temperature T was determined
from the derivative curve for mass loss as a function of time, which
was computed from the thermogravimetric measurements using the
softwareTA Instruments Universal Analysis. The sample areaA, which
was required for computation of the factor υ, was considered
equivalent at the transversal section of the cylindrical alumina cup
and then calculated from its internal diameter.

Under a nitrogen flow rate of 10.0 cm3
3min�1, the straight

line equation obtained was P/Pa = 104 814.388υ + 32.609, which
represents the vaporization coefficient k. The quantity 32.609 Pa
is a deviation from eq 2 that is inherent to the experimental
procedure and temperature range, but it must be considered to
keep the final vapor pressure data as accurate as possible for the

Table 4. Representative Experimental Data, Vapor Pressure, and Sublimation Enthalpy for Nickelocene in the Temperature
Range of (348.2 to 413.2) K, Determined by Thermogravimetry Using Langmuir's Equation.a Uncertainties Are u(ln P) = σ;
u(P)/Pa = u(ln P) 3P; u(Δcr

g Hm)/kJ 3mol�1 = σb 3 (R/10
3)b

T m (dm/dt) 3 10
9 υ 3 10

3 P (1/T) 3 10
3

K mg kg 3 s
�1 (kg 3K 3mol)1/2 3 s

�1
3m

�2 Pa K�1 ln(P/Pa)

Series 1

348.2 12.4289 0.279 0.50 85 2.87 4.45

353.2 12.4186 0.420 0.76 113 2.83 4.73

358.2 12.4034 0.601 1.10 148 2.79 5.00

363.2 12.3814 0.873 1.61 201 2.75 5.31

368.2 12.3500 1.216 2.26 269 2.72 5.60

373.2 12.3045 1.710 3.20 368 2.68 5.91

378.2 12.2429 2.354 4.43 497 2.64 6.21

383.2 12.1582 3.218 6.10 672 2.61 6.51

388.2 12.0437 4.349 8.30 902 2.58 6.81

393.2 11.8918 5.818 11.17 1204 2.54 7.09

398.2 11.6860 7.738 14.95 1600 2.51 7.38

403.2 11.4135 10.193 19.82 2110 2.48 7.65

408.2 11.0491 13.402 26.22 2781 2.45 7.93

413.2 10.5822 17.326 34.11 3608 2.42 8.19

σb Δcr
gHm (380.7 K)

series equation r2 σ K kJ 3mol
�1

Series 1 ln P = 28.5 � 8407.0/T 0.9985 0.05 93 69.9 ( 0.8

Series 2 ln P = 28.4 � 8365.0/T 0.9983 0.05 100 69.5 ( 0.8

Series 3 ln P = 28.5 � 8407.8/T 0.9988 0.04 84 69.9 ( 0.7

Series 4 ln P = 28.7 � 8502.9/T 0.9991 0.03 75 70.7 ( 0.6

Series 5 ln P = 28.9 � 8543.7/T 0.9993 0.03 67 71.0 ( 0.6

Series 6 ln P = 28.5 � 8380.9/T 0.9989 0.04 80 69.7 ( 0.7

Series 7 ln P = 28.5 � 8390.0/T 0.9992 0.04 68 69.8 ( 0.6

Series 8 ln P = 28.3 � 8322.2/T 0.9982 0.05 103 69.2 ( 0.9

Series 9 ln P = 28.4 � 8328.1/T 0.9984 0.05 97 69.7 ( 0.8

Weighted Average Value: <Δcr
gHm[Ni(C5H5)2, 380.7 K]>/kJ 3mol�1 = 70.1 ( 0.6

a In all of the experiments, the heating rate was 10 K 3min�1. The nitrogen flow through the furnace was 10.0 cm3
3min�1. To compute factor υ, the area

of the sample was 2.376 3 10
�5 m2, which was calculated from the diameter of the sample cup. b σ and σb are the standard deviations of the function and

the slope, calculated from the least-squares fitting of data ln P vs (1/T); R is the gas constant. Details in calculation of σ and σb and a complete data set for
all nine series are provided in the Supporting Information.
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nickelocene. Following the procedure detailed in ref 27, the
uncertainty for the slope of this straight line was calculated
as ( 312.3 (J 3K

�1
3mol�1)1/2, and the y-intercept uncertainty

was ( 4.1 Pa. For the experiments under a nitrogen flow rate of
65.0 cm3

3min
�1, the resulting vaporization coefficient that was

applied to the cobaltocene experiments was P/Pa = 87 038.604υ +
27.408 with a slope uncertainty of ( 139.1 (J 3K

�1
3mol�1)1/2

and a y-intercept uncertainty of ( 2.2 Pa.
Vapor pressure data were derived from the described vapor-

ization coefficients and application of eq 2 to the mass loss and
temperature data from nine experiments on nickelocene and
seven on cobaltocene. Representative data are shown in Tables 4
and 5, while complete experimental and resulting data are
provided in the Supporting Information. In the temperature
range (343.2 to 418.2) K, within which reliable measurements
were performed, the corresponding mass-loss rates were (10�7

to 10�5) g 3 s
�1 for a metallocene sample of approximately 20mg.

These mass-loss rates can be associated with sublimation where
the vapor is in an equilibrium condition with its solid.

After the vapor pressure was determined as a function of
temperature for each metallocene data set, the sublimation

enthalpy was computed from the straight line slope obtained
by applying the following integrated Clausius�Clapeyron equa-
tion:

ln P ¼ �Δg
crHm=RT þ C ð3Þ

Detailed results for a representative data set, the slope results,
linear regression coefficient, and sublimation enthalpy are in
Table 4 for nickelocene and Table 5 for cobaltocene. A complete
data set for all series is given in the Supporting Information.

The uncertainty for each sublimation enthalpy value is the
standard deviation from fitting, which was calculated as described
elsewhere.27 The average values,Δcr

gHm(T) = (70.1( 0.6) kJ 3mol
�1

for nickelocene and Δcr
gHm(T) = (69.3 ( 0.8) kJ 3mol

�1

for cobaltocene, were assigned at the midpoint of the experi-
mental temperature interval, which was 380.7 K for the cyclo-
pentadienyl nickel and 383.2 K for the cyclopentadienyl cobalt.
These sublimation enthalpy values are the weighted average μ,
which was calculated as μ = ∑(xi/σi

2)/∑(1/σi
2), where xi and σi

are data of sublimation enthalpy and the standard deviation,
respectively. The uncertainty for this weighted average is the

Table 5. Representative Experimental Data, Vapor Pressure and Sublimation Enthalpy for Cobaltocene in the Temperature
Range of (353.2 to 413.2) K, Determined by Thermogravimetry Using Langmuir's Equation.a Uncertainties Are u(ln P) = σ;
u(P)/Pa = u(ln P) 3P; u(Δcr

g Hm)/kJ 3mol�1 = σb 3 (R/10
3)b

T m (dm/dt) 3 10
9 υ 3 10

3 P (1/T) 3 10
3

K mg kg 3 s
�1 (kg 3K 3mol)1/2 3 s

�1
3m

�2 Pa K�1 ln(P/Pa)

Series 1

353.2 19.7716 0.271 0.49 70 2.83 4.25

358.2 19.7619 0.397 0.73 91 2.79 4.51

363.2 19.7477 0.573 1.06 119 2.75 4.78

368.2 19.7275 0.806 1.50 158 2.72 5.06

373.2 19.6983 1.121 2.10 210 2.68 5.35

378.2 19.6578 1.572 2.96 285 2.64 5.65

383.2 19.6026 2.143 4.06 381 2.61 5.94

388.2 19.5273 2.910 5.55 510 2.58 6.24

393.2 19.4230 3.952 7.59 688 2.54 6.53

398.2 19.2852 5.277 10.19 914 2.51 6.82

403.2 19.1012 7.029 13.66 1216 2.48 7.10

408.2 18.8537 9.277 18.14 1606 2.45 7.38

413.2 18.5291 12.109 23.82 2101 2.42 7.65

Δcr
gHm(383.2 K)

series equation r2 σ σb/K kJ 3mol�1

Series 1 ln P = 27.9 � 8382.2/T 0.9977 0.06 122 69.7 ( 1.0

Series 2 ln P = 27.7 � 8339.0/T 0.9976 0.06 123 69.3 ( 1.0

Series 3 ln P = 27.7 � 8295.9/T 0.9988 0.04 86 69.0 ( 0.7

Series 4 ln P = 27.5 � 8251.9/T 0.9983 0.05 104 68.6 ( 0.9

Series 5 ln P = 28.0 � 8401.1/T 0.9984 0.05 101 69.8 ( 0.8

Series 6 ln P = 27.7 � 8289.9/T 0.9989 0.04 82 68.9 ( 0.7

Series 7 ln P = 28.0 � 8389.1/T 0.9986 0.04 96 69.7 ( 0.8

Weighted Average Value: <Δcr
gHm[Co(C5H5)2, 383.2 K]>/kJ 3mol�1 = 69.3 ( 0.8

a In all of the experiments, the heating rate was 10 K 3min�1. The nitrogen flow through the furnace was 65.0 cm3
3min�1. To compute factor υ, the area

of the sample was 2.376 3 10
�5 m2, which was calculated from the diameter of the sample cup. b σ and σb are the standard deviations of the function and

the slope, calculated from the least-squares fitting of data ln P vs (1/T); R is the gas constant. Details in calculation of σ and σb and complete data set for
all seven series are provided in the Supporting Information.
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standard deviation σ, which was computed as σ2 = Nσμ
2 = N[1/

∑(1/σi
2)], where σμ is the standard deviation of the mean for N

sublimation enthalpy data.27

Linear regression of all of the data sets, shown in Figures 6 and
7, demonstrates the best dependence between vapor pressure
and temperature for nickelocene and cobaltocene, respectively.
For the nickelocene, the resulting equation is

lnðP=PaÞ ¼ 28:5� 8402:4ð1=TÞ ð4Þ
which is valid for the interval (348.2 to 413.2) K and has a r2 =
0.9975 regression coefficient. For this equation, the uncertainty
in the slope was( 37.8 K, and the y-intercept uncertainty was(
0.1. The uncertainty in ln P is 0.06 and represents the standard
deviation of the fitting,27 which implies an uncertainty of 0.06P in
the values of vapor pressure. The sublimation enthalpy that was
derived from this equation is 69.9 ( 0.3 kJ 3mol�1, as expected,
which is similar to the calculated average weight of the values
derived from the slope of each series, but with a lower
uncertainty.

For cobaltocene, the dependence of vapor pressure on tem-
perature is given in the following equation:

lnðP=PaÞ ¼ 27:8� 8335:6ð1=TÞ ð5Þ
which was calculated from linear regression of the seven data sets
for this metallocene, is valid for the interval (353.2 to 413.2) K,
and has a regression coefficient of r2 = 0.9954. For this equation,
the slope uncertainty was ( 59.8 K, and the y-intercept un-
certainty was( 0.2. Uncertainty in ln P is 0.07 and represents the
standard deviation of the fitting,27 which implies an uncertainty
of 0.07P in the values of vapor pressure. The sublimation enthalpy
that was derived from this equation is 69.3 ( 0.5 kJ 3mol�1,
which is identical to the calculated average weight derived from
the slope of each series, but with a lower uncertainty. The
dispersion was low because once the optimal experimental
conditions have been established, the mass loss (dm/dt) data
are reproducible for a specific temperature T, both parameters
being accurately measured using the TGA/DSC device. This
reproducibility is reflected in the almost superimposed ln P
versus 1/T linear series in Figures 6 and 7.

A comparison of nickelocene vapor pressure data herein with
data obtained by Turnbull28 is shown in Figure 8. As shown, the

application of Langmuir's equation and the TGA device gener-
ated metallocene vapor pressure values that are consistent with
previously reported data. For cobaltocene, to the best of our
knowledge, no vapor pressure data have been generated in the
temperature range of the measurements herein; thus, a compar-
ison is not possible.

To correct the sublimation enthalpy values for temperature,
the solid-phase heat capacity was measured for each metallocene
using DSC over the temperature range (295 to 415) K, and the
values are shown in Table 6. These data were fitted to the
equation Cp,m/(J 3K

�1
3mol�1) = a + bT + cT2 with a correlation

coefficient that was greater than 0.9950. Gas-phase heat capacity
data were computed from the DFT frequency analysis and are
shown also in Table 6. For compatibility, the gas-phase data were
adjusted to a quadratic dependence over the same interval as the
solid phase.

From the quadratic equations in Table 6, the computed heat
capacity changes for metallocene sublimation processes over the
interval 295 to 415K areΔcr

g Cp,m/(J 3K
�1

3mol�1) =�1.44 3 10
1�

8.21 310
�2(T/K) + 9.62 310

�5(T/K)2 for nickelocene and

Figure 6. Vapor pressures derived from the thermogravimetric experi-
ments with nickelocene.], Series 1;4, series 2;O, series 3; /, series 4; +,
series 5; �, series 6; 0, series 7; �, series 8; b, series 9. The standard
deviations of the fitting associated with the regression over all data are
σ = 0.06 and σb = 38 K. Uncertainties are u(ln P) = σ; u(P)/Pa =
u(ln P) 3 P; u(Δcr

g Hm)/kJ 3mol�1 = σb 3 (R/10
3).

Figure 7. Vapor pressures derived from the thermogravimetric experi-
ments with cobaltocene.9, Series 1;b, series 2; /, series 3; +, series 4;�,
series 5; �, series 6; [, series 7. The standard deviations of the fitting
associated with the regression over all data are σ = 0.07 and σb = 60 K.
Uncertainties are u(ln P) = σ, u(P)/Pa = u(ln P) 3 P, u(Δcr

g Hm)/
kJ 3mol�1 = σb 3 (R/10

3).

Figure 8. Comparison of the vapor-pressure data P at the temperature
T, determined in this work with those data reported in the literature.
0, Nickelocene, ref 28; 9, nickelocene, this work; 2, cobaltocene,
this work.
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Δcr
gCp,m/(J 3K

�1
3mol

�1) = �6.83 3 10
2 + 3.94 3 10

0(T/K) �
5.79 3 10

�3(T/K)2 for cobaltocene.
From these Δcr

g Cp,m values, the sublimation enthalpies that
were measured at the experimental temperature T were adjusted
to the reference temperature 298.15 K using the following
equation:

Δg
crHmð298:15 KÞ ¼ Δg

crHmðTÞ �
Z T

298:15K
Δg

crCp, m dT

ð6Þ

Propagation of error analysis, as described elsewhere,27 showed
that the uncertainty associated with the average value of sub-
limation enthalpy at 298.15 K increases just 0.1 kJ 3mol�1 with
respect to the uncertainty at the experimental temperature T as a
result of the usually low dispersion in the DSC temperature and
heat-capacity data.

A summary and comparison of the sublimation enthalpy data
at the experimental temperature T and 298.15 K, as well as of
melting and heat capacity data, are supplied in Table 7. Con-
sidering the uncertainty, the Δcr

gHm nickelocene result obtained

in this work using thermogravimetry is similar to those previously
measured by other indirect techniques7,10 and is identical to that
measured by calorimetry10 and to that of Turnbull28 derived
from vapor pressure measurements. These measurements may
overlap because the experimental conditions were appropriate to
promote slow sublimation for this metallocene, which permitted
equilibrium between the solid and gas phases with representative
vapor pressures of the sample in the entire experimental tem-
perature range. These data suggest that using the described
TGA/DSC system and experimental conditions herein, the
dependence of increasing vapor pressure with temperature can
be followed accurately by the sample mass loss, providing in turn,
an accurate result of the sublimation enthalpy.

For cobaltocene, the sublimation enthalpy that was derived
from the indirect methodology is only 1.7 kJ 3mol�1 lower that
the value reported by Torres et al.,7 who determined this quantity
for cyclopentadienyl cobalt from Knudsen effusion. However, if a
correction of the experimental results to 298.15 K is performed
utilizing the correlation Δcr

gHm(298.15 K) = Δcr
gHm(T) +

0.0320(T � 298.15 K), as suggested by Chickos et al.,29 the
results are Δcr

gHm(298.15 K) = 72.7 kJ 3mol�1 for nickelocene

Table 6. Solid- and Gas-Phase Heat Capacities of Nickelocene and Cobaltocene at Constant Pressure. Uncertainties Are
u[Cp(gas)] = 0.04Cp(gas);

a u[Cp(solid)] = 0.02Cp(solid)
b

nickelocene cobaltocene

T Cp(solid) Cp(gas) Cp(solid) Cp(gas)

K J 3K
�1

3mol
�1 J 3K

�1
3mol�1 J 3K

�1
3mol�1 J 3K

�1
3mol�1

295 198.9 172.2 195.5 171.6

298.15 203.0 173.9 196.9 173.4

300 204.4 175.0 197.1 174.6

305 209.5 177.9 197.6 177.5

310 212.9 180.7 197.8 180.5

315 216.1 183.5 198.4 183.4

320 218.7 186.4 200.3 186.3

325 221.4 189.2 201.6 189.2

330 223.8 192.0 203.9 192.1

335 226.5 194.8 206.5 195.

340 229.5 197.5 209.7 197.8

345 232.1 200.3 212.8 200.6

350 234.6 203.0 216.0 203.4

355 237.2 205.7 220.5 206.2

360 239.9 208.4 225.2 209.0

365 242.3 211.1 230.2 211.7

370 245.0 213.7 232.4 214.4

375 247.0 216.4 235.4 217.0

380 247.0 219.0 239.8 219.7

385 252.0 221.5 245.5 222.3

390 254.6 224.1 250.6 224.9

395 257.2 226.6 256.1 227.4

400 261.0 229.1 262.1 230.0

405 264.0 231.6 268.5 232.5

410 266.9 234.0 274.8 234.9

415 271.0 236.5 282.5 237.4

Cp/(J 3K
�1

3mol
�1) = 1.97 3 10

1 +

8.96 3 10
�1(T/K)� 4.86 3 10

�4(T/K)2
Cp/(J 3K

�1
3mol

�1) =�3.41 3 10
1 +

8.14 3 10
�1(T/K)� 3.90 3 10

�4(T/K)2
Cp/(J 3K

�1
3mol�1) = 6.34 3 10

2

�3.05 3 10
0(T/K) +5.31 3 10

�3 (T/K)2
Cp/(J 3K

�1
3mol�1) =�4.94 3 10

1 +

8.91 3 10
�1(T/K)� 4.81 3 10

�4(T/K)2

a See ref 26. bUsual for measurements in the DSC7 scanning calorimeter.
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and Δcr
gHm(298.15 K) = 72.0 kJ 3mol�1 for cobaltocene, which

means an excellent agreement with the values proposed by
Torres et al.

As shown in Table 7, the nickelocene melting and heat
capacity data agree with the few values available in the scientific
literature. For cobaltocene, to the best of our knowledge, no
previous melting data have been reported. Thus, the only
comparison is with Rabinovich et al.'s30 Cp data, which shows
that our data agree well with the heat capacity value at 298.15 K.

Note that, at 298.15 K, a slightly lower sublimation enthalpy
was obtained for the cobaltocene than nickelocene. This small
difference between the heat of sublimation values of nickelocene
and cobaltocene is congruent with the observation that in the
solid state both compounds are characterized by a monoclinic
structure at room temperature,31,32 with crystals having a very
small difference in themolecular packing forces.32 Into the crystal
both metallocenes present a disordered staggered molecular
structure of D5d symmetry, with four and two orientations
between the cyclopentadienyl rings, for nickelocene33 and co-
baltocene, respectively.32

’CONCLUSION

The result of enthalpy of sublimation of metallocenes studied
herein show that the indirect technique, by applying Langmuir's
equation to mass loss data acquired by the TGA/DSC device while
heating the sample, is able to generate representative vapor pressure
data and derive good quality results for the sublimation enthalpy for
these types of substances. The sublimation heat results are similar in

accuracy to those measured by other either indirect or calorimetric
techniques, but with a higher reproducibility.

The results herein agree with the values reported in the
literature for nickelocene and cobaltocene sublimation enthal-
pies; the method is easily developed and generates low disper-
sion, and the measurements can be completed in a short time.
These characteristics suggest that this experimental procedure
can be applied to accurately determine the sublimation enthalpy
of volatile and nonvolatile metallocene compounds when either
calorimetric or other indirect procedures are not applicable
because the compound is unstable.
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Table 7. Summary and Comparison of the Results of the Enthalpy of Sublimation, Melting, and Heat Capacity Data for
Nickelocene and Cobaltocene

Sublimation Data

T Δcr
gHm (T) Δcr

gHm(298.15 K)

author experimental procedure K kJ 3mol�1 kJ 3mol�1

Nickelocene

Torres-Gomez et al.7 Knudsen effusion 283.4�305.7 71.5 ( 0.6 71.4 ( 0.6

Rojas and Vieyra-Eusebio10 Langmuir's method 323.15�333.15 70.4 ( 1.1 71.3 ( 1.1

Rojas and Vieyra-Eusebio10 DSC 333.15 71.4 ( 1.3 72.6 ( 1.3

Turnbull28 vapor pressure measurements 353.0�419.0 72.4 ( 1.3

this work thermogravimetry 348.15�413.15 70.1 ( 0.6 72.6 ( 0.7

Cobaltocene

Torres-Gomez et al.7 Knudsen effusion 296.53�324.54 72.1 ( 0.1 72.3 ( 0.1

this work thermogravimetry 353.15�413.15 69.3 ( 0.8 70.6 ( 0.9

Melting and Heat Capacity Data

Tmelting Δcr
1Hm(T) Cp,m(298.15 K)

author procedure K kJ 3mol�1 kJ 3mol�1

Nickelocene

Rojas and Vieyra-Eusebio10 DSC 450.8 ( 0.4 19.0 ( 0.4 203.2

Rabinovich et al.30 adiabatic calorimetry 205.4

this work DSC 450.1 ( 0.3 18.0 ( 0.4 203.1

Cobaltocene

Rabinovich et al.30 adiabatic calorimetry 197.3

this work DSC 450.5 ( 0.6 17.8 ( 0.7 196.9
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